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Abstract 
Given the global climate is rapidly changing, there is an urgent need to 
accurately estimate temperature-related mortality. The issue of mortality 
displacement (or “harvesting”) is a key consideration for the correct public health 
interpretation of temperature effect estimates. However, few studies have addressed 
mortality displacement, and among these studies findings are inconsistent.  
The aim of this study was to examine the impact of short- and long-term 
harvesting effects on heat- or cold-related deaths in Brisbane, Australia. It aimed to: 
(1) estimate the temperature effects on mortality in summer and winter; (2) identify 
and quantify short-term mortality displacement in heat- or cold-related deaths, by 
exploring the lag effects (up to 21 days) of daily temperature on mortality; and (3) 
explore long-term mortality displacement in heat- or cold-related deaths, by 
assessing how and to what extent the impact of summer or winter temperatures on 
mortality was modified by the mortality level in the previous winter or summer.  
A time series study design was applied using daily data on weather and 
mortality in Brisbane, from 1 December 1988 to 30 November 2008. Poisson 
regression models with distributed lag (linear or non-linear) structures were used to 
examine the temperature effects on mortality and to assess harvesting effects in 
temperature-related deaths.  
Different patterns of temperature-related mortality were found in summer and 
winter. In heat-related deaths, there was a J-shaped relationship between hot 
temperatures and all mortality types in summer. The heat effects occurred on the 
current day and lasted for two days. A short-term mortality displacement in 
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respiratory mortality was observed in summer. Mortality displacement was also 
apparent for non-accidental and cardiovascular mortality when the preceding 
winter’s mortality was low. The heat effect on mortality was generally stronger when 
the preceding winter mortality level was low (an increase of 21.58% (95% 
confidence interval [95% CI]: 13.62 to 30.11%) in the non-accidental mortality with 
1  increase in mean temperature above the threshold), compared with that when the 
preceding winter mortality was high (11.71% [95% CI: 7.03 to 16.60%]). The short- 
and long-term mortality displacement appeared to jointly influence the assessment of 
heat-related deaths.  
In contrast, there was a significant linear, inverse relationship between cold 
temperature and mortality in winter, and the cold effects were more evident for the 
elderly. The cold effects did not always occur immediately, but instead occurred after 
a two day exposure, and lasted for more than two weeks. However, no short-term 
harvesting effects were found in cold-related deaths. The cold effects on mortality 
were generally stronger when the preceding summer’s temperature was low (an 
increase of 3.06% (95% confidence interval [95% CI]: 1.28 to 4.81%) in the non-
accidental mortality with 1  decrease in minimum temperature), compared with 
that when the preceding summer mortality was high (2.68% [95% CI: 1.24 to 
4.09%]). However, such a trend did not reach statistical significance. Mortality 
displacement seems to have played a less important role in cold-related mortality 
than in heat-related mortality.  
This study adds valuable evidence to elucidate the mortality impacts of 
temperature, to understand harvesting effects, to facilitate accurate forecasts, and to 
recommend public health intervention strategies. 
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Chapter 1: Introduction 
1.1 BACKGROUND 
Climate change is the biggest global health threat in the 21
st
 century (Costello 
et al, 2009). Global climate change is largely driven by anthropogenic emissions of 
greenhouse gases (GHGs). The global mean temperature is rising and will continue 
to increase despite the efforts that have been made to reduce greenhouse emissions 
(Meehl et al, 2012). The Intergovernmental Panel on Climate Change (IPCC) 
projects that the global average surface temperature will rise by 4   above pre-
industrial levels by 2100 under the carbon-intensive emissions pathway (IPCC, 
2013).  
Climate change affects all sectors of society and endangers human health 
through a number of direct and indirect pathways (McMichael, 2013). For instance, 
climate change can result in increases in the frequency and intensity of extreme 
weather events (e.g., heat waves, droughts, floods, hurricanes and tornadoes); the 
emergence of climate-induced economic dislocation and environmental decline; 
reductions in water quantity and quality; alternations in agricultural productivity and 
food security; and increases in the geographic range and incidence of climate 
sensitive infectious diseases, particularly certain vector-, rodent-, tick-, water-, and 
food-borne diseases (McMichael, 2013; IPCC, 2013). The most direct health impact 
of global warming is an increase in heat-related mortality (Hajat, Vardoulakis, 
Heaviside, & Eggen, 2014). 
A number of epidemiologic studies have examined the associations between 
ambient temperature and mortality (Huang et al, 2011a). Currently, many countries 
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worldwide have experienced significant burdens of temperature-related deaths and 
morbidity (Hajat et al, 2014; Ye et al, 2012). Commonly, the risk of temperature-
related deaths varies in a U-shaped fashion, with an increase in mortality when 
temperature rises above (or drops below) heat (or cold) threshold values. A great 
variation in temperature thresholds and in the magnitudes of the temperature-
mortality association has been observed across different regions due to differences 
across a series of climatic, demographic and socioeconomic factors (Kinney, O’Neill, 
Bell, & Schwartz, 2008). Heat effects on mortality usually occur on the current day 
or with a lag of one or two days, whereas cold effects are more delayed and can 
persist for several days or weeks (Braga, Zanobetti, & Schwartz, 2001). Although 
heat-mortality relationships are extensively examined and firmly linked to a causal 
inference, it remains unclear whether cold-related mortality reflects direct cold 
effects on human health or confounding effects by other seasonal factors , such as 
respiratory infections (Ebi & Mills, 2013).  
In studies designed to examine the lagged and/or cumulative effects of heat 
exposure, an interesting phenomenon has been reported, with increases in mortality 
over the first few days or weeks sometimes followed by a decrease in mortality over 
subsequent days (Kinney et al, 2008). This suggests that some heat-related deaths 
were only brought forward by the heat exposure by a few days, which is called short-
term mortality displacement (or “harvesting”) (Kovats & Hajat, 2008). Harvesting 
represents an important challenge for research estimating and interpreting the heat 
effects on mortality. If short-term harvesting occurs, with most heat-related deaths in 
the most susceptible individuals (e.g., the elderly and people with cardiovascular 
and/or respiratory diseases) who have lower life expectancy, the public health 
significance of heat effects will be substantially reduced. Although a number of 
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studies have examined the associations between ambient temperature and mortality, 
few have addressed the issue of mortality displacement (Basu & Malig, 2011). 
Among those limited studies, the occurrence and the extent of harvesting effects 
differ considerably by city and population profiles (Baccini et al, 2008; Basu & 
Malig, 2011; Braga et al, 2001; Braga, Zanobetti, & Schwartz, 2002; Guo, Barnett, 
Pan, Yu, & Tong, 2011; Hajat, Armstrong, Gouveia, & Wilkinson, 2005; Muggeo & 
Hajat, 2009; Pattenden, Nikiforov, & Armstrong, 2003). 
Studies of the European heat wave of 2003 found that excess summer heat-
related deaths may also lead to a general reduction of mortality in the following 
winter and/or years, which indicates a long-term harvesting effect (Fouillet et al, 
2008; Toulemon & Barbieri, 2008). Long-term mortality displacement refers to the 
displacement that occurs over a longer time frame (i.e., months or seasons) relative 
to the short-term scale (days or weeks).  So far, only three studies have analytically 
investigated this issue, and they all aimed to examine how displacement of mortality 
in the previous winter affects the population-level risks of heat-related deaths, and 
subsequently modifies the effect of summer’s hot temperatures on mortality (Ha, 
Kim, & Hajat, 2011; Rocklöv, Forsberg, & Meister, 2009; Stafoggia, Forastiere, 
Michelozzi, & Perucci, 2009). The findings of these studies are not entirely 
consistent. This is a novel methodological issue which needs to be fully assessed. 
 
1.2 AIMS AND OBJECTIVES 
1.2.1 Aims 
This study aims to examine the impact of short- and long-term mortality 
displacement on heat- or cold-related deaths, in Brisbane, Australia. 
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1.2.2 Specific objectives 
 To estimate the temperature-related effects on mortality in the summer 
and winter. 
 To identify and quantify the short-term mortality displacement, by 
exploring the lag effects (up to 21 days) of daily temperature on 
mortality. 
 To explore the long-term mortality displacement in heat- or cold-related 
deaths, by assessing how and to what extent the impact of summer or 
winter temperature on mortality was modified by the mortality level in 
the previous winter or summer. 
 
1.3 SIGNIFICANCE 
Global climate change poses a great threat to human health and has already 
resulted in an increase in mortality and morbidity in many parts of the world (Hajat 
et al, 2014). There is a need to accurately characterise and estimate the global burden 
of temperature-related mortality. However, given the very limited evidence regarding 
the issue of mortality displacement in Australia and globally, to what extent the 
estimated temperature effects on mortality reflect the real impact of temperature on 
mortality remains unknown. In this study, I examined the temperature effects on 
mortality and quantified the harvesting effects in temperature-related mortality in 
Brisbane, Australia. This study adds valuable evidence to elucidate the heat and cold 
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temperature effects, to understand harvesting effects, to facilitate accurate forecasts, 
and to recommend public health intervention strategies. 
 
1.4 THESIS OUTLINE 
This thesis is presented in a manuscript format. Chapter 1 introduces the 
background, study aims and objectives of this research. It also illustrates the 
significance of this study. Chapter 2 reviews the current evidence concerning the 
effects of heat and cold temperatures on mortality, summarises the studies 
investigating the harvesting effects in temperature-related deaths, identifies 
knowledge gaps and makes recommendations for future research needs. Chapter 3 
describes the study design and methods adopted by this research, including study 
population, data collection and management, and statistical analysis. Chapters 4 and 
5 are the two manuscripts that address the main research questions. In Chapter 4, I 
assessed both the short- and long-term harvesting effects on heat-related deaths; and 
in Chapter 5, I assessed the lagged effects of cold temperatures on mortality and the 
long-term harvesting effects in cold-related deaths. Chapter 6 summarises the key 
findings of this thesis, and discusses strengths, limitations and public health 
implications of this study. It also articulates future research directions and draws 
overall conclusions for the study. This framework of the thesis is also displayed in 
Figure 1-1. 
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Chapter 2: Literature Review 
In this chapter, I assess the current evidence concerning the effects of hot and 
cold temperature on mortality, summarise the studies investigating the harvesting 
effects in temperature-related deaths, identify knowledge gaps and make 
recommendations for future research needs. 
 
2.1 HEAT-RELATED MORTALITY 
Heat is a natural hazard and can have a striking effect on human health (Kovats 
& Hajat, 2008). The association between high ambient temperature and mortality has 
been reported since the late 1930s (Gover, 1938; Schickele, 1947; Stallones, Gauld, 
Dodge, & Lammers, 1957). Recently, heat-related mortality has become an 
increasing public health threat, especially because average global surface 
temperature is projected to increase by 1–4  by the end of this century (IPCC, 
2013). The IPCC reported that anthropogenic climate change is not only leading to 
temperature increases worldwide, but also to an increase in future extreme weather 
events (IPCC, 2013). Exposure to extreme heat, especially among those living in 
urban areas (heat island), can lead to a pronounced increase in morbidity and 
mortality (IPCC, 2013).  
In recent years, a number of epidemiological studies have characterised the 
heat-mortality relationship in a variety of settings across the world.  The findings are 
summarised and discussed in detail below.  
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2.1.1 Biological mechanisms 
The human body has the ability to cope with increases in ambient temperature 
to a certain extent through a set of physiological processes (known as 
thermoregulation). Specifically, the cardiovascular system can initiate a process to 
increase cutaneous circulation when a person is exposed to heat, moving the blood 
from vital organs (e.g., heart and lungs) to the skin to increase radiant, convective 
and evaporative cooling by vasodilatation and perspiration (Kilbourne, 1992). 
However, too much perspiration can lead to dehydration and subsequently cause a 
series of disorders, such as heat cramps, heat syncope (fainting), heat exhaustion, and 
heat stroke (Centers for Disease Control and Prevention [CDC], 1997; Kilbourne, 
1997).  
Heat stroke is the most acute clinical syndrome and most common cause of 
death directly attributable to heat. It is a complex syndrome when the core body 
temperature exceeds 105  (40.6 ), commonly accompanied with the dysfunction 
of multiple organs (CDC, 1993). Once developed, affected individuals are at high 
risk of progressing to death in a short time (within hours) (Dematte et al, 1998; Dixit, 
Bushara, & Brooks, 1997).  
Heat-related deaths often occur in susceptible populations, such as persons 
with underlying diseases and the elderly (Bouchama & Knochel, 2002). These 
individuals have limited capacity to increase cardiac output to regulate their 
temperature balance, and are more likely to develop volume depletion and 
dehydration during heat stress, both of which increase the risk of morality 
(MacFarlane & Waller, 1976).  
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However, since no systematic definition exists for heat-related deaths, medical 
staff do not usually record deaths as heat-related. Thus, the heat-related mortality rate 
is considered to be greatly underestimated (Huang et al, 2011a). In epidemiological 
studies, researchers often use non-accidental mortality or mortality from underlying 
causes of deaths, such as cardiovascular or respiratory mortality, as outcome 
measures to study temperature-mortality relationships (Basu, 2009). 
 
2.1.2 Study design 
Time series and case-crossover study designs are most widely used for 
examining temperature-mortality relationships in single or multiple geographic areas 
(Basu, 2009).  
Time series analyses are used frequently to quantify the short-term association 
between exposures (e.g., weather variables and air pollution) and health outcomes 
(e.g., daily death counts and hospital admissions) (Basu, Dominici, & Samet, 2005; 
Basu, Feng, & Ostro, 2008; Zanobetti & Schwartz, 2008). Time series studies 
provide optimal control for confounding factors that fluctuate over time, such as 
seasonality and long-term trends. This design allows for linear (air pollution) and 
non-linear (temperature indicators) relationships between the exposure and outcome 
variables (Bhaskaran, Gasparrini, Hajat, Smeeth, & Armstrong, 2013). Furthermore, 
delayed effects of temperature can be investigated using this study design. 
Specifically, a distributed lag model (DLM) can be used to estimate the effects of 
temperature on multiple lag days (Armstrong, 2006). Recently, cross-basis functions 
have been applied in time series studies, to model the non-linear and lagged effects 
of temperature at the same time (Gasparrini, Armstrong, & Kenward, 2010).  
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Case-crossover studies are an alternative approach to investigate temperature 
effects on mortality, if individual death records are available (Basu et al, 2005). The 
day of each death is considered a case, and each case serves as its own control (i.e., 
the study is self-matched). Case-crossover analysis is similar to matched case-control 
analysis (Lumley & Levy, 2000). It is popular in studies of temperature-related 
mortality because the design can control for time-invariant personal factors and time-
varying confounders (Lu & Zeger, 2006). Specifically, the time-stratified design (i.e., 
pre-specified control days) is the most widely used; the controls are selected from the 
same month or same year in which the case occurs, circumventing the potential 
biases from time trends (Levy, Lumley, Sheppard, Kaufman, & Checkoway, 2001).  
Other study designs, such as descriptive, case-control, case-only, spatial and 
synoptic analyses, are also used to examine the temperature-mortality relationships 
(Huang et al, 2011a).  
 
2.1.3 Overview of heat-mortality relationship 
In a variety of settings across the world, epidemiological studies have been 
conducted to characterise the temperature-mortality relationship (Basu, 2009; Basu 
& Samet, 2002; Hajat & Kosatky, 2010; Kovats & Hajat, 2008). To estimate heat 
effects, some studies limit data to within the summer or warm season, while others 
quantify the heat and cold effects separately using a dataset for a year (Basu, 2009). 
The associations between heat and mortality are typically J-shaped, with the 
minimum risk at certain threshold temperatures (Anderson & Bell, 2011). Above the 
heat threshold (i.e., minimum mortality temperature), the mortality risk begins to rise 
and then there is a smooth, often linear increase in the risk of deaths with increasing 
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temperatures (heat slope). This heat slope provides a method to measure and predict 
the effect size (Kinney et al, 2008). During some extremely hot summer days or a 
heat wave, actual mortality may be greater than that expected from the slope which is 
due to an “added heat effect” (Ostro, Roth, Green, & Basu, 2009). Mortality risk 
depends on the temperatures not only on the current day, but also on previous days, 
known as a “lag effect” (Guo et al, 2011). Heat-related mortality is generally found 
to peak with a lag of one or two days following the heat exposure (Baccini et al, 
2008).  
The heat effects on mortality have been examined across total causes to certain 
cause-specific deaths (Baccini et al, 2008; Goodman, Dockery, & Clancy, 2004; 
McMichael et al, 2008; Medina-Ramon & Schwartz, 2007; Zanobetti & Schwartz, 
2008). Most excess heat-related deaths are caused by cardiovascular and respiratory 
diseases, particularly among the elderly. Some of the excess deaths may occur in 
people whose health has already been compromised and then there could be deficits 
in the expected number of deaths after the initial increment, which is known as 
mortality displacement or a “harvesting” effect (Hajat et al, 2005; Schwartz, 2000). It 
is important to investigate the issue of mortality displacement because it can help us 
correctly interpret the estimated heat effect from a public health perspective (Kovats 
& Hajat, 2008). 
 
2.1.4 Modifiers of heat-related mortality 
A number of studies have investigated the relationship between heat and 
mortality; apparent heterogeneities in heat effects have been observed across 
different study periods, populations and locations (Hajat & Kosatky, 2010). A variety 
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of modifiers of the heat-mortality association have been identified in previous studies 
and they include climatic, demographic and socioeconomic factors.  
 
Climatic conditions  
The local summer temperature is an important determinant of the magnitude of 
heat effects. First, the climatic conditions are related to the level of the population’s 
acclimatisation. For instance, heat thresholds are generally higher in study areas with 
higher temperatures or those closer to the equator, and heat slopes are higher in 
warmer climates, which supports the theory of population acclimatisation (Curriero 
et al, 2002; McMichael et al, 2008; Michelozzi et al, 2007). Second, the greatest 
increase in summer heat-related deaths has been observed in mid-latitude cities, 
which are linked to the greatest summer climate variability patterns (Baccini et al, 
2008). However, summer temperature variation is not a significant predictor of 
mortality in other geographical settings. More studies are warranted to clarify this 
issue.  
 
Air pollution 
There is extensive literature documenting the adverse health impacts of 
exposure to elevated concentrations of air pollution, especially particulates with 
aerodynamic diameters under 10 (    ) and 2.5 (     ) micrometres, ozone (  ), 
sulphur dioxide (   ), nitrogen dioxide (   ), carbon monoxide (  ) and lead 
(Folinsbee, 1993; Kampa & Castanas, 2008). Studies have investigated whether air 
pollutants confound or modify the heat-mortality relationships, and results are 
inconsistent (Basu, 2009). Studies have reported that heat effects were not 
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confounded or modified by air pollutants (Basu et al, 2008; Bell et al, 2008; Rainham 
& Smoyer-Tomic, 2003; Stafoggia et al, 2006; Zanobetti & Schwartz, 2008). For 
instance, Basu et al. (2008) included consideration of   ,      ,     ,   ,     and 
   and found no significant confounding or modifying effects on heat effects in 
California, United States (US). However, others suggested that there are confounding 
and modifying effects of air pollutants (e.g., particular matter and   ) on the 
association between temperature and mortality (Basu et al, 2005; Medina-Ramón & 
Schwartz, 2007; O’Neill, Zanobetti, & Schwartz, 2003; Ren & Tong, 2006;  Ren, 
Williams, Morawska, Mengersen, & Tong, 2008). For example,      was found to 
be a confounder in the temperature-mortality relationship in many regions across the 
world (Basu et al. 2005; O’Neill et al. 2003). Additionally, heat effects on mortality 
were found to be greater with higher levels of    (synergistic effects), especially 
during heat extremes (Ren & Tong, 2008). This conflicting evidence may be due to 
the high correlations between temperature and air pollutants, which pose difficulties 
when evaluating the independent effects of air pollutants on mortality (Basu, 2009). 
More studies are warranted to further investigate this issue.  
 
Individual characteristics 
A number of individual characteristics have been linked to the increase of 
population vulnerability to heat-related mortality. These determinants include 
physiological factors such as age (particularly elderly people aged over 65 yearsas 
well as children and infants), gender (e.g., women), race (e.g., non-White), 
predisposing medical conditions (e.g., mentally ill, diabetes, cardiovascular diseases 
and respiratory diseases) (Basu & Ostro, 2008; Balbus & Malina, 2009; Banwell, 
Dixon, Bambrick, Edwards, & Kjellström, 2012; Romero-Lankao, Qin, & Dickinson, 
 14 Chapter 2: Literature Review 
2012); occupations (e.g., outdoor workers) (Hanna, Kjellstrom, Bennett, & Dear, 
2011); low socio-economic status, such as economic disadvantage (e.g., lack of air 
conditioning, poor housing characteristics and limited access to health care) and 
social isolation (Gouveia, Hajat, & Armstrong, 2003; Maheswaran, Chan, Fryers, 
McManus, & McCabe, 2004).  
 
Air conditioning and housing characteristics 
Air conditioning is a significant predictor of the heat slope and an important 
protective factor for heat-related deaths across different settings (Curriero et al, 2002; 
Klinenberg, 2003; Semenza et al, 1996; Zanobetti & Schwartz, 2005). However, 
energy-intensive air conditioning is costly and can contribute to GHG emissions 
(Hajat & Kosatky, 2010). However, there is an increasing trend in the use of air 
conditioning, especially in high-income countries (CDC, 1995; Kovats & Hajat, 
2008). For instance, air conditioning is prevalent in the US, with evidence showing 
that over 70% of residents were equipped with cooling systems in 2001, and reported  
increasing use of air conditioning at home and in workplace and vehicles (McGeehin 
& Mirabelli, 2001). Housing characteristics can be a local factor for heat-related 
mortality in some areas. Evidence shows that housing with high thermal mass and 
less ventilation can increase individual vulnerability for heat-related mortality 
(Vandentorren et al, 2006).  
 
Urban heat island effect 
Temperatures are often higher in cities than in suburban or rural areas; a 
phenomenon known as the urban heat island effect. The increase in temperature in 
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urban areas is due largely to the built environment (greater thermal storage capacity 
and poorer ventilation), less green space, localised heat sources (air-conditioning and 
motor vehicles) and higher population densities in urbanised settings. These factors 
result in higher night-time temperatures and greater heat stress for urban residents 
(Hajat & Kosatky, 2010; Kovats & Hajat, 2008). Thus, the urban heat island effect 
has been highlighted in many studies assessing the vulnerability of urban populations 
to heat-related deaths (Metzger, Ito, & Matte, 2010). As the ongoing co-evolvement 
of urbanisation and climate change, it is particularly important to further investigate 
this issue (Hajat & Kosatky, 2010).  
 
2.1.5 Prevention and adaptation 
It is important to identify and manage heat-related health risks as climate 
change progresses. Accruing evidence suggests that heat-related deaths are 
preventable through behavioural changes and effective intervention programmes 
(Hajat et al, 2010; Michelozzi et al, 2010; Nicholls, Skinner, Loughnan, & Tapper, 
2008; Toloo, FitzGerald, Aitken, Verrall, & Tong, 2013). 
Following the severe heatwave episodes in the US and European cities, many 
communities have developed heat wave plans, including the development of heat 
warning systems (HWS) (Kalkstein, 1991; Vandentorren et al, 2004). These systems 
usually use the forecast of meteorological parameters to initiate public health 
intervention programmes (mainly heat warnings and health education) in response to 
the anticipated heat wave events. HWS in many countries also involve identifying 
and preventing the first sign of heat stress, issuing warnings to the general public, 
and identifying high-risk population subgroups based on local conditions (Kovats & 
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Hajat, 2008). The effectiveness of these programmes and systems depend on the 
coordinated efforts within local health communities, volunteer agencies, and other 
social organisations (Kovats & Hajat, 2008).  
A number of epidemiological studies have shown that some protective 
behaviours can reduce heat risks (e.g., using air-conditioning and drinking more 
fluid) (Kilbourne, Choi, Jones, & Thacker, 1982; Semenza et al. 1996). In particular, 
greater awareness of heat risks and the benefits of behavioural change among 
vulnerable populations may be the most effective means to reduce the heat impact of 
hot summers. These changes include monitoring the hydration status of the elderly, 
young children, and people with chronic illness; contacting and educating individuals 
who live alone or are socially isolated; and increasing the availability of cool public 
places (McGeehin & Mirabelli, 2001).  
Over time, mitigation and adaptation strategies (i.e., measures to minimise heat 
islands and reduce CO2 emissions and air pollution) would help to reduce the heat 
impacts of a changing climate (Huang et al, 2011b). These measures include better 
health and social care for older people, more energy-efficient buildings, city plans 
with more consideration of cooling strategies, more green space and restrictions on 
the use of motor vehicles (Hajat & Kosatky, 2010).  
 
2.2 COLD-RELATED MORTALITY 
Most studies asserted that anthropogenic climate change could result in a 
reduction in the harshness and duration of the winter season and might subsequently 
decrease cold-related deaths (Séguin, 2008; Gamble, Ebi, Grambsch, Sussman, & 
Wibanks, 2008; IPCC, 2007). However, a recent study found that climate warming is 
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unlikely to reduce excess winter deaths, and might even increase them by impelling 
extreme weather events and greater variations in cold temperatures (Staddon, 
Montgomery, & Depledge, 2014). Future studies on winter temperature-related 
deaths are warranted. 
Generally, overall mortality shows a strong seasonal pattern, with winter peaks 
and summer troughs. This trend has been found globally and across different age- 
and cause-specific mortality categories (Aylin et al, 2001; Becker & Weng, 1998; 
Crawford, McCann, & Stout, 2003; Gemmell, McLoone, Boddy, Dickinson, & Watt, 
2000; Lerchl, 1998; Rau & Doblhammer, 2003; Weerasinghe, MacIntyre, & Rubin, 
2002). However, there is little convincing evidence that the seasonality of mortality 
is solely due to temperature patterns.  
 
2.2.1 Biological mechanisms 
Cold temperature exerts its impacts on mortality both directly (i.e., 
hypothermia) and indirectly (i.e., increased respiratory infections or CVD) (Kalkstein 
& Greene, 1997). These mechanisms are discussed below, and some statistics for 
different types of cold-related mortality are provided.  
 
Direct effects 
The direct effects of cold temperatures on mortality are generally attributed to 
hypothermia. Hypothermia refers to a condition in which the body’s core 
temperature drops below 35  (which is required for basic metabolism and body 
functions) from its typical level of 36.5–37.5   (which is maintained through 
thermoregulation) (Marx, Hockberger, Walls, 2013). In 1999–2002, a total of 4,607 
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death certificates had hypothermia-related diagnoses listed as the underlying cause of 
death in the US. The deaths occurred across different regions, with a wide variation 
in winter temperatures. Among these deaths, 2,622 cases (51% of all hypothermia 
deaths) were due to exposure to excessive natural cold (CDC, 2006). However, these 
data must be interpreted cautiously because cold-related hypothermia deaths may 
occur throughout the year, and several risk factors are associated with these deaths, 
such as advanced age, chronic or pre-existing medical conditions, and alcohol and 
drug use (CDC, 2005; Lim & Duflou, 2008).  
 
Indirect effects  
Cold temperature can be linked to increased cardiovascular and respiratory 
diseases, which account for the majority of excess winter deaths. For instance, 
Mercer (2003) reported that, globally, CVD-related deaths, including hypertension, 
ischemic heart disease, myocardial infarction, and cerebrovascular disease, 
comprised the majority of excess winter deaths, while respiratory diseases comprised 
almost half of the remaining excess deaths during winter.  
A wide range of biological processes lead to increased cardiovascular and 
respiratory disease after exposure to cold temperature in winter. In relation to the 
cardiovascular system, to keep the core body temperature at 37  when exposed to 
the cold temperature, peripheral blood circulation is decreased to reduce heat loss, 
and to increase concentration of blood plasma (including red and white blood cells, 
platelets, fibrinogen and low-density lipoprotein cholesterol). This condition could 
result in elevated blood viscosity or hypercoagulability, and further induce higher 
blood pressure. Additionally, cold exposure could raise the level of systolic and 
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diastolic blood pressure, vasoconstriction, and subsequently cause more CVD-related 
deaths (Hong et al, 2012; Keatinge et al, 1984; Ockene et al, 2004; Schneider et al, 
2008; Woodhouse, Khaw, Plummer, Meade, & Foley, 1994). Furthermore, cold-
induced coronary malfunction could lead to the rupture of atheromatous plaques and 
lead to sudden deaths. Likewise, cold temperature could cause vasoconstriction in the 
nose and upper airways, and subsequently affect respiratory defence systems. The 
cellular and humoral immunological alternation bring about inflammation and result 
in more respiratory infections (e.g., influenza) and deaths (Eccles, 2002).  
 
2.2.2 Overview of cold-mortality relationships 
The relationship between winter temperature and mortality is generally 
reversed J-shaped, with a certain temperature at which the daily deaths counts is 
minimal and an increase in death counts as temperature decreases from this 
temperature value (Carder et al, 2005). A meta-analysis of 15 studies found that both 
cold and hot temperatures were significantly associated with higher mortality rates 
among the elderly population, and the magnitude of heat effects is larger than that of 
cold effects (a 2–5% increase and a 1–2% increase associated with 1  increase in 
hot temperature and cold temperature intervals, respectively). The cold effects lasted 
for up to nine days, while no substantial lagged effects were found for heat effects 
(Yu et al, 2012).  
Previous studies have identified several characteristics of winter mortality in 
different populations: 
1. Cardiovascular and respiratory diseases are the leading causes of winter 
deaths (Mercer, 2003).  For instance, Maheswaran et al. (2004) found that 
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cardiovascular and respiratory diseases accounted for 48% and 14% of the 
non-accidental deaths, respectively, during the cold season in the South 
Yorkshire Coalfields Health Action Zone, United Kingdom.  
2. Cold-related mortality is found to increase to a greater extent given a 
certain decrease in temperature in regions with more temperate and warmer 
winters (Healy, 2003).  
3. Relative temperatures may exert a more important role in determining the 
winter mortality than absolute temperatures. For example, Mercer (2003) 
reported that mortality increased at temperatures below 10–15  in Ireland 
and below 0  in Norway. 
4. Daily mortality shows a clear seasonal pattern, with the highest mortality 
rate in winter (Kalkstein & Greene, 1997). A limited number of studies 
have been conducted to identify the factors leading to the higher winter 
mortality, with inconsistent findings. Although many researchers have 
claimed that the cold temperature is the most important variable (Baibas, 
Trichopoulou, Voridis, & Trichopoulos, 2005; Basu & Samet, 2002; Faeh, 
Gutzwiller, & Bopp, 2009; Wilkinson et al, 2004), others argue that 
seasonal risk factors other than temperature, such as viral epidemics (e.g., 
influenza), are important (Davis,  Knappenberger, Michaels, & Novicoff, 
2004; Keatinge & Donaldson, 1997; van Rossum et al, 2001; von Klot, 
Zanobetti, & Schwartz, 2012). Clearly, more research is needed to identify 
the causes of winter deaths. 
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2.2.3 Determinants of cold-related mortality 
A number of studies have attempted to examine the determinants of cold-
related mortality. Major risk factors for cold-related mortality are described below. 
 
Meteorologic conditions 
Other meteorologic conditions modify the temperature effects on mortality in 
winter. Specifically, Montero et al. (2010) reported that cold spells cause more 
excess winter deaths, especially in warm regions. Kunst et al. (1993) found that cold 
effects would be more severe when temperature drops occurred along with strong 
winds. Gorjance et al. (1999) discovered that higher levels of snowfall resulted in an 
increased number of deaths from ischemic heart disease, cerebrovascular disease and 
respiratory diseases.  
 
Geographical variation 
The magnitude of cold effects varies geographically. Generally, higher 
mortality rates in winter occur in areas with a warmer climate. This trend has been 
found in Europe (Analitis et al, 2008; Healy, 2003), the US (Curriero et al, 2002) and 
Asia (Lin, Wang, Lin, Li, & Ho, 2013), and holds for different age-specific and 
cause-specific mortality categories. For example, the PHEWE project analysed the 
cold temperature-mortality relationship in 15 European cities and found larger cold 
effects in those with smaller temperature variability and warmer winters (Analitis et 
al, 2008). Healy (2003) reported that the excess winter mortality rate was also higher 
in southern countries in Europe. Similarly, a study conducted in 11 eastern US cities 
observed cold-related mortality increases to a greater extent in more southern cities 
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than more northern cities (Curriero et al, 2002). An extreme example of this pattern 
was observed in a study conducted in the world’s coldest setting, Yakutsk, Siberia, 
which surprisingly displayed no cold-related mortality (Donaldson, Ermakov, 
Komarov, McDonald, & Keatinge, 1998). The reason might be because residents of 
Yakutsk fully acclimatised to the local climate and adopted protective measures 
against the cold, such as wearing very warm clothing, building warm houses and 
staying indoors (Donaldson et al, 1998).  
 
Influenza epidemics 
Influenza epidemics are considered to be another important risk factor for cold-
related mortality. Severe influenza epidemics have been demonstrated to cause 
massive increases in winter mortality, especially among the elderly (Keatinge, 2002). 
However, the number of deaths from influenza might be exaggerated in this study 
because the influenza outbreaks occurred on particularly cold days and the increased 
mortality was at least partly due to the cold temperatures (Keatinge, 2002). The role 
of influenza in cold-related mortality has been assessed, but the results are 
inconsistent (Huynen, Martens, Schram, Weijenberg, & Kunst, 2001; Donaldson and 
Keatinge, 2002). Donaldson and Keatinge (2002) reported that the influenza 
epidemics accounted for less than 5% of excess winter deaths, so cold stress served 
as a much more important risk factor for winter mortality. However, Huynen et al. 
(2001) found that respiratory mortality during a cold spell only increased when an 
influenza epidemic occurred concurrently. In addition, evidence suggests that the 
incidence of influenza plays an important role in determining the magnitude of cold-
related mortality. For example, Reichert et al. (2004) found that the occurrence of 
influenza coincided with peaks in cardiovascular diseases in winter. Declines in 
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influenza epidemics and winter deaths from influenza in recent years might be due to 
the increasing use of influenza vaccines and fewer new strains of influenza virus (Ebi 
& Mills, 2013; Keatinge, 2002). Further research is needed to examine the 
independent effects of cold temperatures and influenza epidemics on winter deaths, 
and assess the confounding or modifying effects of influenza epidemics on cold-
related mortality.  
 
Demographic and socioeconomic factors 
Several demographic and socioeconomic factors have been found to be 
associated with cold effects (Gouveia et al, 2003). Much of the focus of previous 
studies has been on identifying the differential cold effects across age groups. For 
instance, in a study of 15 European countries, the PHEWE project reported a 1  
decrease in apparent temperature was associated with a 1.72% increase in mortality, 
and that the risk increased more among the elderly (Analitis et al, 2008). This pattern 
is generally shown in other studies conducted in Europe (Ballester et al, 1997; 
Keatinge et al, 2000). Studies also found that gender (female), race (non-White), 
education (lower educational attainment), lifestyle and housing conditions (less 
household heater use) were associated with vulnerability in cold temperatures (Healy, 
2003; O'Neill et al, 2003; Wilkinson et al, 2004).  
 
2.2.4 Protections 
There is evidence that protection measures against the cold would reduce 
winter mortality (Donaldson et al, 1998; Donaldson, Rintamäki, & Näyhä, 2001). For 
instance, warm outdoor clothing and warm indoor temperatures were independently 
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associated with decreased cold-related mortality (Ebi & Mills, 2014). A study 
conducted in Yakutsk, the coldest setting in the world, found no increase in mortality 
even when temperatures fell below -48   (Donaldson et al, 1998). The authors 
speculated that the reason for this result was that residents of Yakutsk always dressed 
warmly in cold winters. The Eurowinter study reported that increased amount of 
clothing worn outdoors and warmer houses protected people from the detrimental 
effects of cold temperatures (Keatinge & Donaldson, 1997). Additionally, behaviours 
that reduced personal exposure to cold or increased physical activity outdoors also 
had protection effects against cold temperatures (Donaldson et al, 2001).  
 
2.3 MORTALITY DISPLACEMENT 
Mortality displacement (or “harvesting”) is an important methodological issue 
for research on temperature and mortality. Mortality displacement refers to a process 
whereby an initial increase of mortality (primarily in already fragile individuals) is 
followed by deficits in the expected number of deaths sometime after the initial 
excess (Ha et al, 2011). It was first reported by Braga et al. (2001) that a short-term 
mortality displacement occurred after the initial increase of deaths associated with 
exposure to hot temperature. Then, studies of the Europe heat wave in 2003 found 
that excess summer heat-related deaths may lead to a general reduction of mortality 
in the following winter and/or years, indicating a long-term harvesting effect 
(Fouillet et al, 2008; Toulemon & Barbieri, 2008).  
Although a number of studies have examined the associations between ambient 
temperature and mortality, few have considered the issue of mortality displacement 
(Basu, 2009; Kovats & Hajat, 2008). Among those limited studies, the results were 
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inconsistent (Basu, 2009; Kovats & Hajat, 2008). For instance, some studies found 
evidence for a short-term mortality displacement on hot days or during heat waves 
(Baccini et al, 2008; Braga et al, 2001; 2002; Guo et al, 2011; Hajat et al, 2005; 
Muggeo & Hajat, 2009; Pattenden et al, 2003), while others reported no apparent 
short-term harvesting effect (Kyselý & Kim, 2009; Le Tertre et al, 2006; Tong, Ren, 
& Becker, 2010). In this section, I will summarise findings relating to short- and 
long-term mortality displacement in studies of ambient temperature and mortality.  
 
2.3.1 Short-term mortality displacement 
Short-term mortality displacement was observed in a number of studies 
designed to examine the lagged or cumulative effects of temperature exposure, where 
an increase in mortality over the first few days or weeks after exposure to heat was 
followed by a deficit in mortality over subsequent days (Basu, 2009). If the 
magnitude of decrease is similar to that of the increase, the temperature effects could 
be due primarily to harvesting (Basu & Malig, 2011). Time series studies have 
shown that some of the heat-related deaths could be attributed to the harvesting 
effect, but this phenomenon was rarely found in cold-related deaths (Braga et al, 
2001; 2002; Guo et al, 2011; Muggeo & Hajat, 2009; Pattenden et al, 2003). 
Researchers have claimed that harvesting is expected to occur if temperature-related 
deaths are limited to a group of susceptible individuals (Hajat et al, 2005). That is to 
say, a short-term mortality displacement is more likely to occur if heat-related deaths 
occur primarily among vulnerable individuals who are about to die in a few days or 
weeks in the absence of environmental stressors (Basu & Malig, 2011). 
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Observed patterns 
Few studies have investigated lagged temperature effects and potential 
harvesting effects (Basu, 2009). Apparent heterogeneities of harvesting effects have 
been observed in different studies: 
1. In the assessment of heat-related deaths, the extent of harvesting effects 
was found to vary greatly (Hajat et al, 2005). For instance, although Basu 
and Malig (2011) found no harvesting effects in a study of high 
temperature effects on mortality in 13 California counties, two other US 
multi-city studies (Braga et al, 2001; 2002) showed that hot temperature 
effects appeared to be primarily related to harvesting. Variations of 
harvesting are wider across different age groups and mortality categories 
(Braga et al, 2001; 2002; Guo et al, 2011; Muggeo & Hajat, 2008). In most 
cases, mortality displacement is more likely to occur among deaths from 
cardiovascular and respiratory diseases (Braga et al, 2002; Muggeo & 
Hajat, 2009), and specifically in the elderly population (Guo et al, 2011; 
Hajat et al, 2005). The apparent heterogeneities might be due to the 
different sample sizes of highly susceptible individuals in different study 
settings, as the initial heat stress would decrease the number of susceptible 
individuals causing apparent reductions in mortality (Hajat et al, 2005). 
2. Mortality displacement is more likely to occur in regions with moderately 
warm seasons (Baccini et al, 2008; Braga et al, 2001; Muggeo & Hajat, 
2009). Moderately hot temperatures may primarily affect frail individuals, 
while extreme heat can also affect low risk individuals (Muggeo & Hajat, 
2009). Residents living in areas with moderate climates are less likely to 
acclimatise to high summer temperatures (Basu & Samet, 2002). 
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3. Mortality displacement is more likely to occur in high-income populations, 
where heat-related deaths are dominated by underlying chronic diseases 
(e.g., cardiovascular or respiratory diseases) in the elderly (Basu & Malig, 
2011; Hajat et al, 2005). In other words, the number of susceptible 
individuals is larger in these populations and therefore the harvesting is 
more likely to occur. For instance, Hajat et al. (2005) identified the extent 
to which mortality displacement occurred in Delhi, Sao Paulo and London. 
They found short-term mortality displacement in London, where heat-
related deaths were dominated by the underlying chronic diseases (e.g., 
cardiovascular or respiratory diseases) in the elderly; however, no such 
harvesting effects were found in Delhi and Sao Paulo, where heat-related 
deaths were dominated by infections and acute respiratory diseases, and 
with a larger proportion of deaths occurring among those in the younger 
age groups.  
4. Only one previous study has reported short-term mortality displacement in 
cold-related deaths. Gómez-Acebo, Llorca and Dierssen (2013) reported 
that there was a striking cold effect on cancer mortality in Cantabria, Spain, 
from 2004 to 2005. The effects were larger in the elderly, perhaps due to 
harvesting effects because deaths mainly occurred in terminally ill patients. 
 
Significance 
It is of crucial importance to assess the extent of mortality displacement in 
studies of temperature-mortality relationships because study findings can help 
researchers to correctly interpret the estimated heat effect from a public health 
perspective (Kovats & Hajat, 2008). Evidence of mortality displacement indicates 
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that average temperatures over short periods may be inadequate to estimate heat 
effects. For instance, if deaths are brought forward by a few days or weeks after 
exposure to an environmental stressor, it will carry less public health importance. 
More information about mortality displacement and how it varies with climatic 
variables (e.g., the severity, duration and timeframe of the occurrence of heat 
exposure), and demographic and socioeconomic characteristics, could help us better 
understand the real mortality impacts of temperature.  
Studies have recommended that policy decisions should be based on local 
findings, as substantial variation of heat effects has been observed across the world 
(Basu & Malig, 2011). Although our understanding of “mortality displacement” has 
improved, more studies are needed to thoroughly explore and quantify its effects. 
 
2.3.2 Long-term mortality displacement 
Long-term mortality displacement refers to harvesting effects which occur over 
a longer time frame (Ha et al, 2011). It is a novel concept that was proposed only 
recently. In examining the impact of the severe heat wave in 2003 on mortality, 
Valleron and Boumendil (2004) found that the increased summer deaths were 
followed by lower mortality in the next winter, which suggests that there might be a 
longer-term displacement of deaths.  
 
State of knowledge 
Long-term mortality displacement has posed a challenge to accurately 
estimating the effects of exposure to extreme temperatures. It is complicated by the 
need to control for the long-term time trend and seasonal pattern of mortality rates. 
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Thus, the commonly used DLMs for short-term harvesting are not suited for 
estimating the longer-term harvesting effects, as the seasonal pattern of mortality 
would make long-term harvesting less pronounced (Ha et al, 2011).  
So far, only three studies have investigated longer-term mortality displacement, 
and all have assessed its effects on the estimation of heat-related deaths (Ha et al, 
2011; Rocklöv et al, 2009; Stafoggia et al, 2009). In these cases, a long-term 
harvesting effect can be explained as how the displacement of mortality in a previous 
winter affects the population-level risks of heat-related deaths in summer. The 
hypothesis assumes that mortality in summer shares susceptible individuals with 
mortality in winter. For instance, a high winter mortality rate among fragile 
individuals leaves a more “robust” population to face the heat exposure, and 
therefore mortality in the following summer is likely to be lower than expected.  
Although all studies found a modification effect of the previous winter’s 
mortality on the summer’s temperature-related mortality, the results are not entirely 
consistent (Table 2–1). Rocklöv et al. (2009) observed that high cardiovascular, 
respiratory and influenza mortality in the previous winter led to lower temperature 
effects on mortality in the summer, and little effect modification on mortality from 
all natural causes was found. Stafoggia et al. (2009) focused on the population aged 
older than 65 years, and also found a higher heat effect in summers when the 
previous winter’s mortality was lower. The results were strong for non-accidental 
and CVD deaths, but weak for respiratory deaths. Ha et al. (2011) reported that low 
winter non-accidental mortality led to higher mortality during the following summer; 
this effect was not evident among the elderly and cardiovascular deaths. Reasons for 
this inconsistency remain unclear (Ha et al, 2011; Rocklöv et al, 2009; Stafoggia et al, 
2009). One possible explanation might be that, similar to the short-term harvesting 
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effects, the patterns of long-term mortality displacement may depend on the 
characteristics of the population at risk. 
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Table 2-1 Summary of long-term mortality displacement studies (n=3). 
Study Location and time Temperature 
variable 
Mortality type Research design 
and statistical 
analysis 
Key findings 
Rocklöv 
et al, 
2009 
Greater 
Stockholm, 
Sweden;  
June-August 
(summer), 
October-April 
(winter),  
1990–2002 
48-hour mean 
temperature 
Daily mortality 
for nonviolent 
causes, influenza, 
cardiovascular, 
respiratory, 
combined from 
cardiovascular 
and respiratory 
diseases 
Time series; 
Poisson regression, 
generalised 
additive model 
(GAM), piecewise 
linear model,  
constrained 
distributed lag 
model 
High respiratory and cardiovascular mortality in 
winter significantly reduced the heat effects in the 
following summer; the similar modifying effect 
of influenza was borderline significant; but no 
such effect was found for the nonviolent mortality 
 
Lagged temperature effects in summer were 
found to be more delayed if the mortality was 
higher in the previous winter 
 
Stafoggia 
et al, 
2009 
Roma, population 
aged 65 years old 
or older;  
1987–2005  
Apparent 
temperature 
(lag 0–1) 
Daily mortality 
for natural causes,  
cardiovascular 
and respiratory 
diseases 
Time series;  
Fourier 
decomposition, 
generalised linear 
model with linear 
piecewise spline 
Summer temperature effects on mortality was 
stronger in years characterised by low mortality 
in the previous winter 
 
Percentages of attributable risks for summer heat 
were 28%, 18%, and 18% for years characterised 
by low, medium, or high winter mortality rates 
 
The effect modification was strong for natural 
causes and cardiovascular mortality, but weaker 
for respiratory mortality 
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Table 2-1 (continued) Summary of long-term mortality displacement studies (n=3). 
Ha et al, 
2011 
Three cities in 
South Korea: 
Seoul, Daegu and 
Incheon;  
June–August 
(summer), 
December-
February (winter),   
1992–2007 
(except summer 
1994) 
Mean 
temperature 
(lag 0–1) 
Daily mortality 
for non-accidental 
(all cities), 
cardiovascular 
diseases (Seoul 
only) by age 
groups (all,   65 
years) 
Time series; 
Poisson regression 
model 
Apparent heat effects on mortality 
 
Heat effects on non-accidental deaths were 
significantly stronger in summers with low 
mortality levels in previous winter 
 
The modifying effect was not significant among 
persons older than 65 years and for 
cardiovascular mortality  
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Public health implications 
Although evidence of long-term mortality displacement is very limited, this 
issue is of crucial importance from a public health perspective.  
First, the issue of long-term harvesting may be important in explaining the 
observed heterogeneities in heat-related mortality. The variations of heat threshold, 
heat slope and the lagged heat effect between different studies could be due partly to 
the different mortality levels in previous seasons.  
Second, the assessment of the long-term harvesting effects in heat-related 
deaths, especially with closer examination by different age groups and mortality 
categories, provides decision-makers with an alternative tool to forecast heat-related 
deaths in summer seasons and to develop effective intervention strategies to target 
high-risk groups.  
Finally, due to the share of high-risk population pool, the dynamics and 
patterns of mortality during consecutive summers and winters are dependent on each 
other to a certain degree. Thus, the process of harvesting over a longer time-frame 
could affect the overall assessment of heat- and cold-related mortality. Longer-term 
harvesting should be considered when assessing the net effect of hot and cold 
temperatures on mortality. 
 
2.4 KNOWLEDGE GAPS AND FUTURE RESEARCH NEEDS 
In epidemiologic studies of temperature and mortality, few studies have 
addressed the issue of mortality displacement.  
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Across these studies, patterns of short-term harvesting vary greatly. Thus, more 
studies are needed to determine how harvesting effects differ across study settings 
and demographic profiles. Although some studies have examined the long-term 
harvesting effects of heat-related deaths, no research has investigated displacement in 
cold-related deaths. Further studies should explore the possible harvesting process 
occurring over both short- and long-term time periods. In addition, although previous 
studies have hypothesised that variation of the size of high-risk individuals may 
explain the inconsistency of harvesting effects (Rocklöv et al, 2009), no studies have 
discussed this issue in depth.   
In conclusion, more studies are required to fill these knowledge gaps, to 
improve our understanding of temperature-related mortality, and to recommend 
effective public health intervention strategies to minimise adverse health impacts of 
ambient temperature exposure in a warming climate. 
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Chapter 3: Research Design and Methods 
This chapter describes the overall study design and methods used in this 
research, including study population, data collection and management, and statistical 
analysis. Detailed materials and methods are provided in each results chapter.   
 
3.1 STUDY DESIGN 
This thesis applied a time series study design to assess the role of mortality 
displacement in temperature-related deaths in Brisbane, Australia. This study design 
is widely used in environmental epidemiology, especially in quantifying the short-
term associations of environmental exposures with health outcomes (Bhaskaran et al, 
2013). It provides optimal control for time-varying confounders (Tomas, 2009). 
 
3.2 STUDY POPULATION 
Brisbane is the capital city of the state of Queensland at latitude 27°29’S and 
longitude 153°8’E. It is located along the coast with a typical subtropical climate. 
Summer (December–February) is warm and humid, while winter (June–August) is 
mild and dry. There are two results chapters in this thesis. Chapter 4 was conducted 
in a Brisbane Local Government Area (LGA) (see Figure 3-1), with a population size 
of 991,260 individuals and an area of 1326.3     in 2006 (Australia Bureau of 
Statistics [ABS], 2011), and Chapter 5 was conducted in Greater Brisbane (Greater 
Capital City Statistical Area) (see Figure 3-2) with a population size of 2,146,577 
individuals and an area of 1,582,593.1     in 2011 (ABS, 2013). 
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I used different datasets (see the detail in p. 39) for two results chapters for two 
reasons. First, the dataset was updated in the later stage of my candidature. Second, 
increasing time series length can increase the statistical power to assess the 
associations between cold temperature and mortality, especially when such a 
relationship has not been well assessed (Ebi & Mills, 2013; Winquist, Klein, Tolbert, 
& Sarnat, 2012).  
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Figure 3-1 Brisbane Local Government Area (LGA). “C” is city, and “R” is 
Regional. 
(Source: map produced by Office of Economic and Statistical Research, Queensland 
Treasury (www.oesr.qld.gov.au/maps); Data sourced from Australian Bureau of 
Statistics, Australian Standard Geographical Classification (ASGC), 2011 (cat. no. 
1216.0) Queensland Government, State Digital Road Network (SDRN).) 
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Figure 3-2 Greater Brisbane, or Greater Capital City Statistical Area (GCCSA). 
(Source: ABS) 
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3.3 DATA COLLECTION AND MANAGEMENT 
There were three datasets used in this thesis. In Chapter 4, daily counts of death 
for the period 1 January 1996 to 30 November 2004 were acquired from the Office of 
Economic and Statistical Research of the Queensland Treasury. The causes of all 
deaths were classified according to the International Classification of Diseases, 9
th
 
version (ICD–9) for 1996, and 10th version (ICD–10) for 1997–2004. The daily 
counts of non-accidental deaths (ICD–9: 1–799 and ICD–10: A00–R99); 
cardiovascular diseases (ICD–9: 390–459 and ICD–10: I00-99) and respiratory 
diseases (ICD–9: 460–519 and ICD–10: J00–99) were included. The information on 
the age of deaths was categorised as follows: all ages, 0–64 years, 65–84 years and   
85 years. 
Daily data on maximum, mean, minimum temperatures and relative humidity 
(RH) for the same period were obtained from the Australian Bureau of Meteorology 
(BOM). Daily air pollution data were received from the Department of Environment 
and Heritage Protection, which included the maximum 1-hour average 
concentrations of ozone (O3) and nitrogen dioxide (NO2), and 24-hour average 
concentration of particulate matter with diameters less than 10 μm (PM10). The 
monitoring site of air pollutants and weather conditions was located at the city 
centre. 
In Chapter 5, daily data on death counts for the period 1 December 1988 to 30 
November 2008 were obtained from the Australia Bureau of Statistics (ABS). Due to 
privacy protection reason, the data were only available for the Greater Capital City 
Statistical Area (GCCSA) of usual residence by two age groups (i.e., 0–74 years and 
 75 years). 
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Daily data on maximum, minimum temperatures and RH for the same period 
were obtained from the BOM. The daily averages of climatic variables were 
calculated using all records from the selected monitoring sites. This approach has 
been adopted in a previous study (Tong, Wang, Yu, Chen, & Wang, 2014).  
Specifically, the data were from all the meteorological stations located within 30 km 
of the Brisbane central business district, while missing data (  1.3%) for a particular 
station were imputed using average values from the remaining weather stations’ 
records. 
 
3.4 DATA ANALYSIS STRATEGY 
This thesis examined the impact of short- and long-term mortality displacement 
on heat- and cold-related deaths, respectively, in Brisbane, Australia. Specifically, 
the short- and long-term mortality displacement in heat-related deaths was examined 
in Chapter 4; and the lagged effects of cold temperatures on mortality and the long-
term harvesting effects in cold-related deaths were investigated in Chapter 5. The 
data analysis strategy adopted in these two chapters was very similar and can be 
summarised into the following steps. Firstly, exploratory analysis was conducted to 
(graphically) describe the relationships between temperature and mortality. 
Secondly, I stratified the summer (Chapter 4) or winter (Chapter 5) data into two 
strata (H/L) according to the previous winter’s or summer’s mortality levels 
(high/low). Thirdly, I quantified the temperature effects within different strata, as 
well as for all summers (Chapter 4) or winters (Chapter 5), and to check whether the 
previous winter’s (Chapter 4) or summer’s (Chapter 5) mortality levels significantly 
affect the temperature effects in the following summer or winter (long-term mortality 
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displacement). Finally, the short-term lagged temperature effects were investigated to 
check if there was any short-term mortality displacement in temperature-related 
deaths, and if there was any differences of the lagged temperature effects between 
different strata. A flow chart of the data analysis strategy was also provided (Figure 
3-3). The specific statistical methods were introduced in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3 Flow chart of data analysis strategy. 
 
 
Exploratory analysis 
Exposure-response curve for 
temperature-related mortality 
 
 
linear? Threshold? 
Slope? 
 
Lagged effects? Quantification of the temperature 
effects on mortality?  
Any short-term mortality 
displacement in 
temperature-related 
deaths?  
Define previous winter/summer 
mortality levels; 
Stratify the following 
summers/winters into H/L strata 
Any long-term mortality 
displacement in 
temperature-related 
deaths?  
Are the differences of the lagged 
effects between the two strata 
statistically significant? 
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3.5 STATISTICAL METHODS 
3.5.1 Descriptive analysis 
I conducted several descriptive analyses to examine the distribution of weather, 
air pollution and mortality data.  
1. Histograms were used to examine the distribution of each variable, 
including temperature, relative humidity, air pollutants and age- and cause-
specific mortality data.  
2. Summary statistics were provided for each variable, including the mean, 
median, different percentiles and standard deviations. 
3. Scatter plots were used to examine the temporal distribution of each 
variable. Scatter plots can quickly reveal systematic patterns over time, 
such as long-term trends and seasonality (Bhaskaran et al, 2013). 
4. Spearman’s rank correlation tests were used to check the colinearity 
between the covariates to be included in the model, such as temperature 
and air pollutants. Spearman’s correlation was chosen as not all variables 
were normally distributed. A scatter plot matrix was adopted to illustrate 
the inter-correlation results. 
 
3.5.2 Model construction 
In this study, I used Poisson regression models to investigate the temperature 
effects, and short- and long-term harvesting effects on temperature-related mortality 
separately for the summer (December–February) and winter (June–August) seasons.  
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Poisson regression analysis facilitates investigation of whether the short-term 
variation in daily mortality can be explained by the changes in daily temperature 
variables, after controlling other potential confounders (Wood & Augustin, 2002). 
Because the outcome variable was the daily death counts, Poisson regression was 
chosen as it is commonly used for analysing mortality data. As indicated in many 
studies, mortality data tend to be over-dispersed (Anderson & Bell, 2009; Gasparrini, 
Armstrong, Kovats, & Wilkinson, 2012; Stafoggia et al, 2009), which means that the 
variance of daily death counts in the data set is likely to be higher than that predicted 
from the Poisson regression. Thus, I applied a scale parameter to allow for the over-
dispersion.  
I describe how the Poisson regression models were developed to address the 
principal research questions below. 
 
Controlling for long-term and seasonal patterns 
Time series data are likely to be dominated by long-term trends and seasonal 
patterns whose presence may distort the associations between ambient temperature 
and mortality. To accurately investigate the short-term variation between temperature 
and mortality, previous studies controlled for seasonality and long-term trends by 
fitting an appropriate function for time as part of the regression models.  
In this study, I used a natural cubic spline (NCS) function of time to model the 
time-varying factors, such as secular trends and seasonal patterns. Essentially, a set 
of end-to-end cubic curves were generated by fitting spline functions of time 
variables with equally spaced knots, and joined smoothly at each knot to describe the 
time trends across the whole study period. When the long-term trend and seasonal 
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patterns are appropriately removed from the residuals, the remaining variations are 
less likely to have systematic temporal patterns. It is crucial in this study as the 
remaining residuals allow us to rank the winter or summer mortality levels from 
different years without confounding of the secular trends.  
 
Assessment of the temperature-mortality association 
The temperature-mortality relationships were modelled separately for the 
summer and winter seasons. Poisson GAM was used as it allows the use of both 
parametric and nonparametric smoothing splines to explore the non-linear impact of 
temperature on mortality. I first conducted exploratory analyses to graphically 
present the temperature-mortality curve in each season. This was accomplished by 
using a NCS function to fit the temperature indicator with appropriate degrees of 
freedom. NCS was preferred as it constrains the temperature effects to be linear at 
the boundaries of the temperature range, where data are too sparse to provide more 
details (Armstrong, 2006). Then, a linear or linear-threshold model was chosen based 
on the exploratory plots. This simpler quantitative summary was used to facilitate the 
reporting of the relative risks, as well as to compare the temperature effects across 
different strata. 
Slightly different from the analysis of the whole year data, the time trends were 
controlled by modelling the within-season time trends and between-year variations. 
A set of potential confounders were considered in the regression models. These 
variables changed from day-to-day and may be associated with fluctuations in the 
temperature and mortality variables. In this study, I controlled for potential 
confounders, including relative humidity, day of the week and public holidays. The 
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potential confounding or modifying effects of air pollutants were explored when the 
data were available. 
 
Allowing delayed temperature effects 
Previous studies have shown that there is a delayed association between 
ambient temperature and mortality (Baccini et al, 2008; Braga et al, 2001; Guo et al, 
2011; Zanobetti & Schwartz, 2008). To adjust and investigate the lagged effects of 
temperature, I adopted the following methods.  
First, moving average of temperature in the previous days (according to the 
best model fit) was modelled as the exposure variable to estimate the temperature 
effect when it persisted for several days. For example, I used mean temperature (lag 
0–1) to estimate the heat effect on mortality since it provides the best model fit 
(Chapter 4). However, this is not adequate to estimate the lagged effect more 
extensively. 
Second, a distributed lag model (DLM) was adopted when the temperature-
mortality relationship was linear. DLMs were first used to investigate the lagged 
effects of air pollutants on health (Schwartz, 2000). Using DLMs, we created time-
shifted copies of the exposure series (i.e., shifting forward one day was named as 1-
day shifted series), and simultaneously included them in the model. This is called an 
unconstrained DLM because there is no adjustment for the potential colinearity 
between the different shifted series. It has obvious fallaciousness in that the potential 
confounding effects between each series may lead to imprecise estimates. Therefore, 
researchers have attempted to impose constraints on the lag terms to reduce 
colinearity, including assuming the coefficient of lag terms fell on different strata 
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(Rocklöv et al, 2009), polynomial (Baccini et al, 2008) or spline (Goldberg, 
Gasparrini, Armstrong, & Valois, 2011) curves. In this study, I used NCS because 
the sparse data at the boundaries of the temperature range would be constrained to be 
linear. Knots were placed unequally across the lag dimension to allow greater 
smoothness as lags increased.   
Third, a distributed lag nonlinear model (DLNM) was adopted when the 
temperature-mortality relationship appeared to be nonlinear. As previously 
discussed, DLMs are widely used in studies investigating the lagged effects of air 
pollutants on mortality with the assumption of a linear impact of air pollutants on 
health.  However, temperature effects appear to be nonlinear in most cases. 
Therefore, Gasparrini et al. (2010) developed the DLNM, which is a modelling 
framework that can simultaneously describe the non-linear and delayed effects in 
time series data. It uses a cross-basis function that describes the shape of 
temperature-mortality relationship in the two dimensions of temperature and lags. In 
this study, a NCS-NCS cross-basis function was used as a NCS was adopted in both 
dimensions.   
Specifically, the shape of the temperature-mortality relationship in the lag 
dimension was used to check if there was any short-term mortality displacement. If 
there was an indication of short-term harvesting effects, I further calculated the 
cumulative effects of temperature by summing the model coefficients along the lags. 
The harvesting effects could be ascertained if the cumulative relative risks reduced to 
0 or negative at longer lags. 
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3.5.3 Model selection and model checking 
Stringent model selection strategies and model checking methods were 
required in this study to check the adequacy of the models in the process of model 
construction as the modelling process involves many decisions. The specific methods 
are described as follows.  
First, I used a cross-validation technique, specifically the generalised cross 
validation (GCV) score, in model selection. It is widely used as the selection criteria 
to choose the smoothing parameters in nonparametric regression models (Wood & 
Augustin, 2002). The GCV function approximates the expected prediction error. 
Thus, the model selected based on the GCV score has the optimal prediction ability. 
Specifically, the lower the GCV score, the better the model fits. Spline functions 
were used for time and temperature variables in this study, and the adequacy of this 
function largely depends on the degree of freedom (df). Thus, GCV was chosen for 
model selection in this study.  
Second, I used several different diagnostic plots based on the deviance 
residuals to check the model adequacy.  One is a scatter plot in which the deviance 
residual was plotted against time. Ideally, an even band of points without any 
particular pattern should be observed, or else the time trends are not adequately 
controlled for, or important covariates are missing from the model. Another 
diagnostic plot is a partial autocorrelation function plot of the deviance residuals, 
which was used to check whether remaining autocorrelations existed in the deviance 
residuals. Ideally, the model should explain most of the autocorrelation in the 
mortality data across nearby days.  
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Finally, multiple sensitivity analyses were carried out to check the robustness 
of the statistical analysis in each results chapter.  
All statistical analyses were performed using R (R core team 2013).  
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Chapter 4: Assessment of Short- and Long-
Term Mortality Displacement in 
Heat-Related Deaths in 
Brisbane, Australia 
ABSTRACT 
Background: Mortality displacement (or “harvesting” effect) has been identified as 
one of the key issues in the assessment of the temperature-mortality relationship. 
However, only a few studies have addressed the “harvesting” issue and the findings 
are inconsistent.  
Objectives: I examined the impact of the short- and long-term harvesting effects on 
heat-related deaths in Brisbane, Australia. 
Methods: Daily data on death counts, weather and air pollution in Brisbane from 1 
January 1996 to 30 November 2004 were acquired. I estimated heat-related deaths, 
identified potential short-term mortality displacement, and assessed how and to what 
extent the impact of summer temperature on mortality was modified by the mortality 
level in the previous winter using a Poisson time series regression combined with 
distributed lag nonlinear model (DLNM). 
Results: There were significant relationships between temperature and all mortality 
types in summer. A short-term mortality displacement in respiratory mortality was 
observed in all summer data. Mortality displacement was also apparent for non-
accidental and cardiovascular mortality when the preceding winter’s mortality was 
low. The heat effect on mortality was generally stronger when the preceding winter 
mortality level was low (an increase of 21.58% (95% confidence interval [95% CI]: 
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13.62 to 30.11%) in the non-accidental mortality with 1   increase in mean 
temperature above the threshold), compared with that when the preceding winter 
mortality was high (11.71% [95% CI: 7.03 to 16.60%]). The short- and long-term 
mortality displacement appeared to jointly influence the assessment of heat-related 
deaths.  
Conclusions: There existed short- and long-term harvesting effects on heat-related 
mortality in Brisbane, Australia. This study may help better understand temperature-
related health risks and recommend effective public health interventions to manage 
the health impacts of climate change. 
  
  
Chapter 4: Assessment of Mortality Displacement in Heat-Related Deaths 51 
4.1 INTRODUCTION 
Anthropogenic climate change is not only leading to temperature increases 
worldwide, but also to an increase in future extreme weather events such as heat 
waves, floods and bushfires (IPCC, 2013). The diverse health impacts of climate 
change (e.g., increased mortality and morbidity) have been increasingly recognised 
(Basu, 2009; Costello et al, 2009; McMichael, 2013). 
Numerous epidemiologic studies have characterised the relationship between 
high temperature and mortality, from total causes to certain cause-specific deaths 
(Baccini et al, 2008; Goodman et al, 2004; McMichael et al, 2008; Medina-Ramon 
and Schwartz, 2007; Zanobetti and Schwartz, 2008). Most excess heat-related deaths 
are caused by cardiovascular and respiratory diseases, particularly among the elderly. 
Some of the excess deaths may occur in people whose health has already been 
compromised and then there could be deficits in the expected number of deaths after 
the initial increment, which is known as mortality displacement or “harvesting” 
effect (Hajat et al, 2005; Schwartz, 2000). It is important to understand the issue of 
mortality displacement because if heat-related deaths only occur in already frail 
individuals with a short life expectancy, the heat impact would have less public 
health importance (Guo, Barnett, & Tong, 2012; Huang, Barnett, Wang, & Tong, 
2012). 
Mortality displacement was first observed to occur on a short-term basis 
(within days or weeks) (Hajat et al, 2005). Then, studies found that winter mortality 
levels significantly modified the impacts of temperature on mortality in the following 
summer (Ha et al, 2011; Rocklöv et al, 2009; Stafoggia et al, 2009),
 
suggesting a 
process consistent with long-term mortality displacement. However, among those 
studies, the results were inconsistent. Some studies found evidence existed for 
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mortality displacement on hot days or during heat waves (Basu and Malig, 2011; 
Hajat et al, 2005; Kyselý, 2004),
 
while others reported that no apparent short-term 
harvesting effect was observed (Kyselý and Kim, 2009; Le Tertre et al., 2006; Tong, 
Ren, & Becker, 2010).
 
Furthermore, the short- and long-term mortality displacement 
may jointly influence the assessment of heat-related deaths, because they share the 
same pool of susceptible individuals. In this study, I assessed both the short- and 
long-term harvesting effects on the heat-related mortality in Brisbane, a subtropical 
city in Australia. 
 
4.2 MATERIALS AND METHODS 
4.2.1 Data collection 
Brisbane is Australia’s third largest city (after Sydney and Melbourne), located 
along the coast with a typical subtropical climate. Summers (December–February) 
are hot and humid, while winters (June–August) are mild and dry. The population in 
Brisbane city area was 992,176 on 30 June 2006 (ABS, 2009). 
 
Mortality data 
Daily counts of death for the period of 1 January 1996 to 30 November 2004 
were acquired from the Office of Economic and Statistical Research of the 
Queensland Treasury. The causes of all deaths were classified according to the 
International Classification of Diseases (ICD), 9th version (ICD-9) for 1996, and 
10th version (ICD-10) for 1997–2004. The daily counts of non-accidental deaths 
(ICD-9: 1–799 and ICD-10: A00–R99), cardiovascular diseases (ICD-9: 390–459 
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and ICD-10: I00-99) and respiratory diseases (ICD-9: 460–519 and ICD-10: J00–99) 
were included. Information on age of deaths was available and was categorised as 
follows: all ages, 0–64 years,   65 years, 65–84 years and   85 years. 
 
Environmental data 
Daily weather data on maximum, mean, minimum temperatures and relative 
humidity (RH) for the same period were obtained from the Australian Bureau of 
Meteorology (BOM). Daily air pollution data were received from the Queensland 
Environmental Protection Agency, which included the maximum 1-hour average 
concentrations of ozone (O3) and nitrogen dioxide (NO2), and 24-hour average 
concentration of particulate matter with diameters less than 10 μm (PM10). The 
monitoring site of air pollutants and weather conditions was located at the city 
centre. 
 
4.2.2 Statistical methods 
Exploratory analysis 
Exploratory analysis was conducted using Poisson generalised additive model 
(GAM) allowing for over-dispersion to describe the temperature-mortality 
relationship as previous work demonstrated that this model fit the data well (Tong, 
Wang, & Guo, 2012; Yu, Vaneckova, Mengersen, Pan, & Tong, 2010).  
To control for the within-summer seasonal patterns, I used smooth functions of 
natural cubic spline (NCS) with 3 df for summer date (i.e., 1–90 for non-leap years or 
1–91 for leap years). To avoid over-controlling the between-year variation during the 
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study period, I used a linear function for the year variable. Day of the week and 
public holidays were also included in the model as dummy variables. Each year’s 
population data were modelled as an offset to control for the potential confounding 
effect of demographic shifts over time. 
Smoothing functions (natural cubic spline) of temperature parameters (mean, 
maximum, minimum and apparent temperatures) with varying lag structures (moving 
averages of the current and previous days, up to five days) were modelled at first, 
and then, only the optimal predictor was chosen based on the scores of generalised 
cross-validation (GCV). This procedure was also applied for daily mean relative 
humidity. Each air pollutant (O3, NO2 and PM10) was added separately in the model 
by using linear terms. 
The model is described as follows: 
Ln [E(Y)] =                                                
                                       [1] 
where t is the day of death; E(Y) denotes expected daily death counts;    refers to 
mean temperature (lag 0–1) on day t;     is the relative humidity (lag 0–1);       
refers to natural cubic spline;      refers to day of the week on day t;       is an 
indicator term modelled for each summer which is different from calendar year; 
         is a binary variable that is “1” if day t was a holiday;             is the 
population on year i; α is the intercept; and β, γ, and δ are coefficients. 
This flexible parametric approach was then used to graphically describe 
relationships between summer temperatures and mortality. 
 
Long-term mortality displacement 
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To investigate the long-term mortality displacement, I first stratified the 
summer data into two strata according to the previous winter’s (June–August) 
mortality levels. To control for the confounding effect of time trend and seasonality, 
I regressed the time series of daily death counts against time (modelled with NCS 
function, 5 df per year). The choice of df was based on comparisons of GCV values. I 
used the residuals of this model to compute the mean residual values for each winter 
(  ) separately, as well as for all winters in the whole study period (  ). If the mean 
residual of a certain year’s winter was higher than the mean value of winters in the 
whole study period (      ), it was considered a high-mortality winter, and its 
following summer was categorised into “H” summer stratum. Otherwise, it was 
considered a low-mortality winter (       ), and the following summer was 
categorised into “L” summer stratum. This method was applied to each category of 
mortality. This method has been previously described by Stafoggia et al. (2009). 
To quantify the summer temperature effects, I further modelled mean 
temperature (lag 0–1) with two linear terms constrained to a joint common point, 
which is also known as the threshold. Summer temperature-related mortality risks 
were assumed to be a log-linear curve above the breakpoint value. The thresholds 
and their 95% confidence intervals (0.1 decimal) were estimated by using the 
maximum likelihood approach and the resampling technique described in previous 
studies (Ha et al, 2011; Muggeo and Hajat, 2009; Yu et al, 2011c). Finally, the 
integer value of 28 °C was chosen as the common threshold (mean temperature, lag 
0–1) for all mortality types, because it fell within the 95% CIs of the thresholds 
estimated for each age group and disease category (data not shown). 
I examined summer temperature effects in both the “H” and “L” summer strata, 
and all summers (for the whole study period), respectively. Then, a dichotomous 
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indicator (HL, “0” for “L” stratum summer days and “1” for “H” stratum summer 
days) was performed as an interaction term to examine whether the summer heat 
functions were affected by previous winter mortality levels. The heat slopes and 
interaction effects above the threshold were also analysed. 
This model is described as follows: 
Ln [E(Y)] =       
         
                                 
                                                [2] 
where   
    
  refers to mean temperature (lag 0–1) on day t above and below the 
threshold value, respectively; HL represents for high or low previous winter 
mortality. 
 
Short-term mortality displacement 
Additionally, the short-term lagged effects of summer temperature were 
investigated using distributed lag nonlinear models (DLNMs). DLNM is a modelling 
framework that can simultaneously describe the non-linear and delayed effects in 
time series data (Gasparrini et al, 2010). If there was short-term mortality 
displacement, negative coefficients of the heat exposures would follow the positive 
coefficients in the first day(s); the net effect of the heat exposure was estimated by 
summing coefficients along the lags (Hajat et al, 2005). To capture the main overall 
temperature effect and adjust for any potential harvesting, I used lags up to 21 days.  
The model is described as follows: 
Ln [E(Y)] =                                                    
                                        [3] 
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where l is the lag days;              is a matrix created by 3 df for daily mean 
temperature and 4 df for lagged effects up to 21 days. 
This model was established by taking advantage of exploratory analyses, and 
applied to each mortality type in the “H” summer stratum, “L” summer stratum as 
well as in all summers (for the whole study period), respectively. I estimated the 
relative risk (RR) of dying on a day with the mean temperature of 29 °C compared 
with 28 °C (threshold temperature), and then plotted the RRs against the lags. 
 
4.2.3 Sensitivity analysis 
I also conducted several sensitivity analyses to check the robustness of the 
results. First, I classified the strata of winters by using the median of the residuals as 
the cut-off value instead of the mean value to test the potential influence of model 
specification on this method. Second, I kept the relative differences between previous 
winter mortality on a continuous scale instead of dichotomising them, and to check 
the correlation between annual summer temperature effects and the previous winter 
mortality levels. The purpose of this analysis was to test if the effect modification of 
previous winter mortality was independent of the stratification strategy for the “H” 
and “L” summer strata. Third, I estimated temperature effects by using a linear term 
for the mean temperature (lag 0–1) as an alternative approach to the piecewise linear 
functions. Finally, I adjusted for annual summer average temperature in the main 
analyses by adding a linear term for the average value of daily mean temperature in 
each summer. I aimed to confirm that the reported differences of heat effects 
between summer strata were not caused by the summer temperature variations 
between the two strata. Moreover, I added one linear term for each air pollutant (O3, 
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NO2 and PM10, lag 0–1) separately to check their potential confounding effects in the 
main analyses. 
All statistical analyses were performed using R (R Core Team, 2013). The 
“dlnm” package was used to perform DLNM (Gasparrini, 2011). 
 
4.3 RESULTS 
4.3.1 Descriptive analysis 
Daily mortality shows a strong seasonal pattern and a decreasing trend in 
Brisbane, 1996–2004. Table 4-1 provides the summary statistics of the daily deaths, 
weather variables and air pollutants. There were 53,317 non-accidental deaths during 
the study period, with 81.3% of deaths among persons aged  65 years and 32.3% of 
deaths among those aged  85 years; 42% and 9% died of cardiovascular and 
respiratory diseases, respectively. The average daily mean temperature in summer 
was 24.9 . 
Table 4-2 reveals that, for non-accidental deaths, the mean daily death count in 
winter was 19.1 (range: 17.8–21.5) whereas the mean daily death count in summer 
was 15.5 (range: 14.3–16.2) for all ages. The average daily mean temperature shows 
a high variability between winter (15.2 , range: 14.4–16.4) and summer (24.9 , 
23.0–26.2). 
Figure 4-1 indicates the J-shaped temperature-mortality relationships in 
summer. High temperature had a stronger effect on the elderly than the young. 
Meanwhile, CVD deaths appeared to be more sensitive to the high temperature than 
non-accidental and respiratory deaths. Figure 4-2 shows that the estimated effects of 
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high temperature on mortality was generally stronger in “L” summer stratum than 
those in “H” summer stratum, except for the respiratory deaths. 
 
4.3.2 Quantification of the short-term delayed effects of temperature 
Figure 4-3 shows that heat-related excesses of respiratory mortality were 
followed by deficits in mortality, consistent with a short-term mortality displacement 
caused by hot temperatures. The mortality displacement appeared after lag 1 day, and 
reduced cumulative excess risk to zero at lag 4 day. The excess risk on the current 
day (lag 0), lag 0–6 and lag 0–13 were 8.84% (95% CI: 2.85%, 15.17%), -2.52% 
(95% CI: -18.65%, 16.81%) and 5.98% (95% CI: -16.80%, 34.99%) with 1°C 
increase above the threshold temperature, respectively. The negative excess risk 
(RR<1) for non-accidental deaths in the age group of 0–64 years after seven days 
was observed, indicating a weak short-term harvesting effect (Figure 4-3). 
When I stratified the summers into “L” and “H” strata, a steep decline and an 
evident deficit appeared after the exposure to high temperatures for non-accidental 
and CVD mortality in “L” summer stratum (Figure 4-4). Although the observed 
deficits offset just part of the overall excess (data not shown), it could still be 
regarded as a short-term mortality displacement. The curves also indicate that there 
were longer lasting heat effects in “H” summer stratum than “L” stratum. Similar 
results were found for other age groups and mortality categories (Figure 4-5). 
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4.3.3 Examination of the long-term mortality displacement 
Table 4-3 represents the temperature effects for each summer stratum as well 
as for all summers in the whole study period. Generally, the effect estimates of high 
temperature on mortality were higher in “L” summer than those in “H” summer. A 1 
°C increase in mean temperature (lag 0–1) above the threshold was associated with 
an increase in mortality of 11.71% (95% CI: 7.03, 16.60) for “H” summer stratum 
and 21.58% (95% CI: 13.62, 30.11) for “L” summer stratum in all age groups (p < 
0.01). The difference in excess heat risks between “H” and “L” summer strata was 
larger among the elderly than for all other ages. For CVD deaths, a similar pattern 
was observed, with stronger estimated heat effects in “L” summer. However, results 
for respiratory deaths were inconsistent. 
 
4.3.4 Sensitivity analysis 
Classifying the strata of winters by using either the median value or the mean 
value of the residuals produced almost identical results. When I kept the relative 
differences between previous winter mortality on a continuous scale instead of 
dichotomising them into two subgroups, temperature effects on non-accidental 
deaths in each summer were inversely associated with the mortality levels in the 
previous winter (Figure 4-6). There was the tendency of decreasing heat impacts on 
non-accidental mortality in summer as the previous winter mortality increases. When 
I used a linear term for temperature variable, the pattern of how previous winter 
mortality modified the summer temperature-mortality relationship remained. 
Additionally, the seriously underestimated heat effects suggested the existence of 
threshold effects (Table 4-4). Overall, the main results changed little when I 
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controlled for air pollution or annual summer’s average temperature (data not 
shown). 
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Table 4-1 Summary statistics of climatic variables, air pollutants and daily deaths in 
summer, Brisbane, Australia, 1996—2004. 
Variables Min 25% 50% 75% Max Mean   SD 
Mean temperature                                                                                                                                                                                                                                                                                                                                                                       18.3 23.4 24.7 26.3 34.5 24.9  2.3 
Maximum temperature     22.2 27.4 28.5 29.9 40.2 28.7   2.2 
Minimum temperature     14.7 19.1 20.6 22.3 28.1 20.6   2.3 
Relative humidity     12 47 52 60 99 55   13.5 
O3       6 22 28 39 110 32   14.3 
NO2       5 13 15 18 43 16   5.5 
PM10      ⁄   8 14 17 21 50 18   5.6 
Non-accidental deaths       
All ages 5 13 15 18 43 15.5   4.3 
0-64 years  0 2 3 4 12 3.0   1.7 
≥ 65 years  4 10 12 15 41 12.6   3.9 
65-84 years 1 5 7 9 22 7.6   2.9 
≥ 85 years  0 3 5 6 23 5.0   2.4 
Cardiovascular deaths       
All ages 1 5 6 8 31 6.4   2.9 
0-64 years  0 0 0 1 4 0.6   0.7 
≥ 65 years  0 4 5 7 31 5.8   2.8 
65-84 years  0 2 3 4 16 3.1   1.9 
≥ 85 years  0 1 2 4 17 2.7   1.8 
Respiratory deaths       
All ages 0 0 1 2 6 1.2   1.0 
0-64 years  0 0 0 0 2 0.1   0.3 
≥ 65 years  0 0 1 2 5 1.1   1.0 
65-84 years  0 0 0 1 4 0.6   0.8 
≥ 85 years  0 0 0 1 4 0.5   0.7 
Abbreviations: O3, ozone; NO2, nitrogen dioxide; PM10, particulate matter less than 10  m in 
aerodynamic diameter. 
Min, 50% and Max represents minimum, median, maximum, respectively; 25% and 75% 
represent the 25
th
 and 75
th
 centiles, respectively. 
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Table 4-2 Average daily death counts and temperature in winter and summer seasons in Brisbane, Australia, 1996–2004. 
Season Year 
 Non-accidental
a
 Cardiovascular
b
 Respiratory
c
 Mean  
Temperature
e
 All
d
 0 – 64 ≥ 65 65 – 84 ≥ 85 Alld 0 – 64 ≥ 65 65 – 84 ≥ 85  
Winter 
(June–August) 
1996 21.5 (H) 3.6 (H) 17.9 (H) 11.3 (H) 6.6 (H) 10.2 (H) 0.9 (H) 9.3 (H) 5.5 (H) 3.8 (H) 2.1 (H) 15.5 
1997 19.9 (L) 3.0 (L) 16.9 (H) 9.9 (L) 6.9 (H) 9.3 (L) 0.7 (H) 8.6 (L) 4.5 (L) 4.1 (H) 1.9 (H) 14.4 
1998 19.1 (H) 3.4 (H) 15.7 (H) 9.6 (L) 6.1 (H) 9.1 (H) 0.8 (H) 8.3 (L) 4.7 (L) 3.6 (L) 1.4 (L) 16.4 
1999 20.1 (L) 3.2 (L) 16.9 (L) 9.9 (L) 7.0 (L) 9.3 (L) 0.7 (L) 8.6 (L) 4.5 (H) 4.1 (L) 1.9 (H) 15.4 
2000 17.9 (L) 2.7 (L) 15.2 (L) 8.3 (L) 6.8 (L) 7.9 (L) 0.6 (L) 7.3 (L) 3.7 (L) 3.7 (L) 1.8 (L) 14.5 
2001 18.2 (L) 3.1 (H) 15.1 (L) 8.9 (L) 6.2 (L) 8.0 (L) 0.7 (L) 7.3 (L) 3.8 (H) 3.5 (L) 1.7 (L) 15.1 
2002 19.3 (H) 3.1 (H) 16.2 (H) 8.6 (H) 7.6 (L) 8.3 (H) 0.7 (H) 7.7 (H) 3.3 (H) 4.3 (H) 2.0 (L) 14.7 
2003 18.2 (H) 3.1 (H) 15.2 (H) 8.2 (H) 6.9 (H) 7.4 (H) 0.6 (L) 6.9 (H) 3.2 (L) 3.6 (H) 2.2 (H) 15.2 
2004 17.8 (L) 2.6 (L) 15.3 (L) 8.4 (L) 6.8 (L) 7.0 (L) 0.5 (L) 6.5 (L) 2.9 (L) 3.6 (L) 2.0 (H) 15.4 
Summer 
(December–
February) 
1996/1997 14.3 3.0 11.3 7.2 4.1 6.0 0.6 5.4 3.2 2.2 1.0 24.4 
1997/1998 15.8 3.0 12.8 8.0 4.8 6.9 0.6 6.3 3.6 2.8 1.0 26.2 
1998/1999 16.0 2.9 13.1 8.2 4.9 6.8 0.5 6.3 3.5 2.8 1.1 24.7 
1999/2000 16.0 2.9 13.0 7.8 5.1 6.6 0.7 5.9 3.1 2.8 1.3 23.0 
2000/2001 15.4 3.2 12.2 7.5 4.8 6.2 0.5 5.7 3.1 2.6 1.1 24.6 
2001/2002 15.6 2.8 12.8 7.3 5.6 6.2 0.5 5.7 2.8 2.9 1.2 25.7 
2002/2003 14.9 3.0 11.9 7.1 4.8 5.9 0.5 5.4 2.9 2.6 1.2 24.6 
2003/2004 16.2 2.9 13.3 7.3 5.9 6.4 0.7 5.7 2.8 2.9 1.4 26.1 
Abbreviations: H, high previous winter mortality level; L, low previous winter mortality level. 
a
average daily number of non-accidental deaths. 
b
average daily number of cardiovascular deaths. 
c
average daily number of respiratory deaths. 
d
all ages.
 e
daily mean 
temperature on the current day ( ). 
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 Table 4-3 Estimated effects associated with 1°C increase in summer temperature (mean temperature, lag 0–1) above the threshold by age and 
diseases in Brisbane, Australia, 1996–2004. 
Disease 
categories 
Age groups 
Observed 
threshold
b
 ( ) 
Percentage increase in mortality above the threshold (95% CI)
a
 
P
e
 
All summers “H” summerc “L” summerd 
Non-accidental 
All ages 28.4 (27.6–28.8) 14.14 (10.15, 18.28) 11.71 (7.03, 16.60) 21.58 (13.62, 30.11) 0.008 
0–64 years 30.9 (27.1–32.1) 7.00 (-2.67, 17.63) 9.14 (-1.46, 20.87) -7.94 (-28.31, 18.22) 0.399 
≥ 65 years 27.5 (27.2–28.4) 15.62 (11.15, 20.28) 12.23 (7.12, 17.59) 28.13 (17.86, 39.29) 0.001 
65–84 years 27.6 (26.9–28.7) 13.59 (7.46, 20.08) 10.42 (2.30, 9.19) 20.81 (10.00, 32.68)  0.176 
≥ 85 years 27.1 (26.7–28.1) 18.18 (11.29, 25.49) 11.70 (3.29, 20.80) 40.10 (24.91, 57.13) 0.000 
Cardiovascular 
all ages 28.4 (27.3–29.0) 22.29 (15.87, 29.06) 16.55 (8.70, 24.98) 43.23 (30.07, 57.73) 0.000 
0–64 yearsf  — — — — 
≥ 65 years 28.4 (27.3–29.1) 22.11 (15.29, 29.33) 15.97 (7.14, 25.54) 45.65 (32.34, 60.31) 0.000 
65–84 years 28.8 (27.6–29.4) 25.12 (15.27, 35.82) 43.98 (20.78, 71.62) 20.02 (9.25, 31.86) 0.017 
≥ 85 years 28.4 (27.1–28.9) 19.01 (9.45, 29.40) 9.35 (-2.38, 22.49) 57.38 (35.35, 82.99) 0.000 
Respiratory all ages 27.5 (26.2–29.1) 13.00 (-1.39, 29.51) 16.04 (0.64, 33.80) -23.91 (-54.33, 26.79) 0.108 
a
Percentage increase in daily mortality with a 1  temperature (mean temperature, lag 0–1) increase above the threshold. bEstimated threshold temperature 
and its 95% confidence interval (95% CI). 
c”H” summer stratum, summers with high previous winter mortality. d”L” summer stratum, summers with low 
previous winter mortality. 
e
p -Value for the interaction term between previous winter mortality levels and summer temperature variable above the threshold 
from the model. 
f
Not comparable due to insufficient death counts. 
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Figure 4-1 Estimated summer temperature effects (mean temperature, lag 0–1) by 
age and disease in Brisbane, Australia, 1996–2004. 
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Figure 4-2 Combined estimated summer temperature effects (mean temperature, lag 0–1) by age and disease for “H” summer stratum (H), “L” 
summer stratum (L) and for all summers over the whole study period (All). RR>1 means the relevant temperature range is a risk factor for 
temperature-related deaths; while RR <1 means the relevant temperature range is a protective factor for temperature-related deaths. 
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Figure 4-3 The estimated relative risk of dying on a day with 29  compared with that on a day with 28  (threshold temperature) over 21 lagged days for all summers (whole 
study period). 
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Figure 4-4 The estimated relative risk of dying on a day with 29  compared with 
that on a day with 28  (threshold temperature) over 21 days of lag by the strata of 
“H” summer (H) and “L” summer (L).  
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4.4 DISCUSSION 
To the best of my knowledge, this is the first study to investigate short- and 
long-term mortality displacement concurrently in heat-related deaths. The major 
findings of this study are: (1) there was an apparent effect of high temperatures on 
mortality in summer, and the heat effects were more evident for the elderly and 
cardiovascular deaths; (2) there was a strong indication of short-term mortality 
displacement for non-accidental deaths in the age group of 0–64 years, and for 
respiratory deaths (all ages combined); (3) if the preceding winter mortality level was 
low, a stronger heat effect occurred in the summer, which indicated a long-term 
mortality displacement. This pattern was apparent in non-accidental and 
cardiovascular deaths, especially for the elderly; (4) both the short- and long-term 
mortality displacement appeared to jointly affect the relationship between 
temperature and mortality. 
Short-term mortality displacement could happen if heat-related deaths occur 
more frequently in those chronically ill individuals who were about to die in a few 
days or weeks even in the absence of heat exposure (Hajat et al, 2005; Schwartz, 
2000). Among the limited studies examining short-term mortality displacement, the 
results are mixed. Some studies reported that mortality displacement may explain 
some heat-related deaths (Baccini et al, 2008; Braga et al, 2001; Hajat et al, 2005; 
Medina-Ramon and Schwartz, 2007; Pattenden et al, 2003),
 
while other studies 
reported few harvesting effects during extreme heat episodes or normal hot days 
(Davis et al, 2004; Kyselý and Kim, 2009; Le Tertre et al, 2006; Tong et al, 2010). 
From the existing evidence, the pattern of mortality displacement depends on 
the population at risk (e.g., baseline health status and socio-demographic profile). For 
example, both the short- and long-term mortality displacements were more apparent 
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when the proceeding winter mortality was low. Some other factors (e.g., behavioural 
and local factors) might also influence vulnerability (Basu and Malig, 2011). 
Specifically, on a short-term basis, harvesting is more likely to occur among the 
elderly and those already weakened by chronic diseases. Furthermore, heat-related 
mortality displacement is more strongly associated with deaths from cardiovascular 
and respiratory diseases (Goodman et al, 2004; Hajat et al, 2005). 
To my knowledge, only three studies have assessed long-term harvesting 
effects. Although they all found a modification effect of previous winter mortality on 
summer temperature-related mortality, the results are not entirely consistent (Ha et 
al, 2011; Rocklöv et al, 2009; Stafoggia et al, 2009). Rocklöv et al. (2009) observed 
that high cardiovascular, respiratory and influenza mortality in winter led to lower 
temperature effects on mortality in the following summer, while little effect 
modification on total mortality was found. Stafoggia et al. (2009) focused on the 
population aged older than 65 years. They also found a higher effect in summers with 
lower previous winter mortality. The results were strong for non-accidental and CVD 
deaths, but weak for respiratory deaths.  
The findings of my work are consistent with that conducted in Roma which has 
the similar humid subtropical climate. In this study, I observed the long-term 
harvesting effect on non-accidental deaths for all ages and, to a greater extent, among 
the elderly. The similar pattern was found for CVD deaths, but not for the respiratory 
deaths. However, the absence of the long-term harvesting effect in the respiratory 
mortality category might be due to a small number of daily respiratory death counts. 
Due to quite small daily number of influenza deaths, it was not possible to evaluate 
its effect modification in this study. 
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As described above, there is certain variability in the observed harvesting 
effect. Since they share the same population of frail individuals, the short- and long-
term mortality displacement may also affect each other, and subsequently modify the 
heat-related mortality. My results support this hypothesis. After stratifying by the 
previous winter mortality, harvesting in non-accidental deaths and CVD deaths were 
found in the strata of “L” summers. This suggests that low previous winter mortality 
inflated the pool of fragile individuals and led to a stronger and more immediate heat 
effect in the following summer, which suggests that long-term harvesting could 
partially explain the observed heterogeneities of short-term mortality displacement. 
Thus, the detailed, in depth assessment of the short- and long-term harvesting helps 
explain the net effect of summer temperature on the temporal dynamics of vulnerable 
subgroups, which is of great importance to measure the extent to which lives are 
shortened and to understand the actual burden of heat-related mortality. 
This study has three major strengths. This is the first study to investigate both 
short- and long-term mortality displacement, which sheds some light on the observed 
heterogeneity of previous findings on short-term mortality displacement. I controlled 
for the potential confounding effects of a range of factors including air pollution. The 
robustness of this study was tested by a series of sensitivity analyses. 
This study has several limitations. The study was only conducted in one city, 
and thus the results need to be interpreted cautiously. The use of data from only one 
monitoring site may result in exposure misclassification to some extent. However, a 
recent study found that single site temperatures and averaged temperatures from a 
network of sites had similar abilities to predict mortality as kriged spatial 
temperatures in Brisbane (Guo, Barnett, & Tong, 2012).
  
Finally, I was unable to 
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evaluate the confounding effect of the usage of air conditioning because these data 
were not available. 
It is important to identify and manage temperature-related health risks as 
climate change progresses. Accruing evidence suggests that effective intervention 
programmes need to be developed to reduce heat-related deaths (Hajat et al, 2010; 
Michelozzi et al, 2010; Nicholls et al, 2008; Toloo et al, 2013). The assessment of 
the temperature-mortality relationship in this study may assist decision-makers in 
estimating and forecasting the accurate number of heat-related deaths in the summer 
seasons. This study suggests that a rapid and well-prepared response is required to 
protect susceptible subgroups from heat effects in Brisbane, particularly if the 
previous winter mortality rate is low. 
 
4.5 CONCLUSIONS 
I found an apparent effect of high temperatures on mortality in summer and 
observed both short- and long-term mortality displacement in the assessment of the 
heat-mortality relationship in Brisbane, a subtropical city in Australia. These findings 
may contribute to understanding of the temperature-mortality relationship and assist 
in forming effective public health intervention measures to reduce and prevent heat-
related deaths. 
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4.7 SUPPLEMENTS 
Figure 4-5 The estimated relative risk of dying on a day with 29  compared with a day 
with 28  (threshold temperature) over 21 days of lag for the stratum of “H” summer (H) 
and for “L” summer (L) on each age and mortality category. 
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Figure 4-5 (Continued) The estimated relative risk of dying on a day with 29  compared 
with a day with 28  (threshold temperature) over 21 days of lag for the stratum of “H” 
summer (H) and for “L” summer (L) on each age and mortality categories. 
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Figure 4-6 Correlation between annual summer temperature effects and previous 
winter mortality (with long-term component removed).  
 
I first estimated the effect of summer temperature effects (mean temperature, lag 0–
1) on non-accidental mortality above the threshold for each of the eight summers, 
respectively. Then, I regressed the 8 RRs (with 1  in temperature above the 
threshold) against their previous winter mortality levels (using mean residuals of 
previous winter from the model of summer stratification to represent this variable, 
which removed the long-term trend). Effect estimates are presented as RR, with 95% 
CIs. Correlation coefficient for the 8 year-specific estimates is -1.16 (95% CI = -2.57 
– 0.25). 
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Figure 4-7 RR of non-accidental deaths (all ages) by summer mean temperature ( ), 
using a natural cubic spline-natural cubic spline DLNM with 4 df NCS for 
temperature and 4 df for lag.   
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Table 4-4 Estimated effects associated with 1 °C increase in summer temperature (mean temperature, lag 0–1) by age and diseases in Brisbane, 
Australia, 1996–2004. 
Disease categories Age groups 
Percentage increase in mortality above the threshold
a
 
P
d
 
All summers “H” summerb “L” summerc 
Non-accidental 
All ages 3.88 (2.85, 4.93) 3.64 (2.23, 5.06) 4.01 (2.47, 5.57) 0.710 
0–64 years 3.37 (0.92, 5.87) 4.94 (1.94, 8.02) 0.72 (-3.63, 5.27) 0.070 
≥ 65 years 4.00 (2.83, 5.18) 3.13 (1.63, 4.65) 5.41 (3.49, 7.36) 0.051 
65–84 years 3.39 (1.84, 4.97) 2.20 (-0.31, 4.76) 4.07 (2.07, 6.10)  0.298 
≥ 85 years 4.91 (3.05, 6.81) 4.24 (1.49, 7.06) 5.95 (3.31, 8.65) 0.454 
Cardiovascular 
all ages 4.09 (2.40, 5.81) 2.86 (0.52, 5.25) 5.20 (2.72, 7.74) 0.098 
0–64 yearse — — — — 
≥ 65 years 4.50 (2.71, 6.32) 2.99 (0.24, 5.814) 5.55 (3.15, 8.01) 0.223 
65–84 years 3.92 (1.43, 6.47) 3.77 (0.00, 7.68) 3.89 (0.48, 7.42) 0.861 
≥ 85 years 5.15 (2.54, 7.84) 3.19 (-0.56, 7.09) 7.11 (3.41, 10.94) 0.120 
Respiratory all ages 0.00 (-3.81, 3.96) 2.64 (-1.10, 6.51) 0.00 (-6.56, 7.02) 0.102 
a
Percentage increase in daily mortality with a 1  temperature (mean temperature, lag 0–1) increase. b”H” summer stratum, summers with high previous 
winter mortality. 
c”L” summer stratum, summers with low previous winter mortality. dp -Value for the interaction term between previous winter mortality 
levels and summer temperature variable. 
e
Not comparable due to insufficient death counts. 
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Chapter 5: Effect of Previous Summer 
Mortality on the Association 
between Winter Temperature 
and Mortality in Brisbane, 
Australia 
ABSTRACT 
Background: Long-term mortality displacement (or “harvesting” effect) has been 
identified as one of the key issues in the assessment of the temperature-mortality 
relationship. However, no studies have analytically investigated the role of long-term 
harvesting effects in the winter temperature-mortality relationship.  
Objectives: I investigated the cold-related effects on mortality and the possible 
modification effects by previous summer mortality levels on the winter temperature-
mortality relationship in Brisbane, Australia. 
Methods: Daily data on death counts and weather in Brisbane from 1 December 
1988 to 30 November 2008 were acquired. I estimated cold-related deaths, 
investigated the lagged cold effects on mortality, and assessed how and to what 
extent the impact of winter temperature on mortality was modified by the mortality 
level in the previous summer using a Poisson time series regression combined with 
distributed lag model (DLM). 
Results: There was a significant linear, inverse relationship between cold 
temperature and mortality in winter, and the cold effects were more evident for the 
elderly. The cold effects persisted for more than three weeks, but no short-term 
mortality displacement was observed. The cold effect on mortality was generally 
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stronger when the preceding summer’s temperature was low (an increase of 3.06% 
(95% confidence interval [95% CI]: 1.28 to 4.81%) in the non-accidental mortality 
with 1  decrease in minimum temperature), compared with that when the preceding 
summer mortality was high (2.68% [95% CI: 1.24 to 4.09%]). However, such a trend 
did not reach statistical significance.  
Conclusions: The lower the preceding summer mortality, the stronger the cold effect, 
although this trend was not statistically significant. Mortality displacement seems to 
have played a less important role in cold-related mortality than heat-related mortality.  
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5.1 INTRODUCTION 
The Intergovernmental Panel on Climate Change (IPCC) has recently reported 
that the global temperature is rising at an unprecedented pace and human activities 
are largely responsible for this rise (IPCC, 2013). The diverse, adverse impacts on 
human health posed by climate change have been increasingly recognised, especially 
in light of its impacts on mortality.  
Despite increasing concerns about the detrimental effects of high ambient 
temperature and extreme heat events on population health, the highest rate of 
mortality is usually observed in winter (Kalkstein & Greene, 1997). Many studies 
have investigated the seasonality of mortality, and found that cold temperature plays 
an important role in explaining the seasonal variation of mortality (Ballester, 
Michelozzi, & Iñiguez, 2003; Keatinge, 2002). However, although the relationship 
between cold temperature and mortality has been widely explored, the exact nature 
of the association remains unclear. The timing and magnitude of observed winter 
mortality varies across regions (Braga et al, 2002; Kunst et al, 1993; Touloumi, 
Pocock, Katsouyanni, & Trichopoulos, 1994). For instance, some studies have 
reported that cold effects were most apparent under warm climates (Braga et al, 
2002; Curriero et al, 2002; Healy, 2003). Many factors have been found to confound 
and/or modify the cold effects on mortality, including viral epidemics (e.g., 
influenza), individual factors (e.g., medical conditions, housing and heating) and 
socioeconomic factors (e.g., deprivation) (Aylin et al, 2001; Ballester et al, 2003; 
Keatinge, 2002; Reichert et al, 2004). It has recently been suggested that mortality 
displacement also plays an important role in modifying the associations between 
temperature and mortality (Ha et al, 2011; Rocklöv et al, 2009; Stafoggia et al, 
2009). 
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Mortality displacement refers to a process whereby some of the initial excess 
deaths (primarily occurring in people whose health has already been compromised) 
are followed by deficits in the expected number of deaths. It was first observed to 
occur on a short-term basis (within days or weeks) (Hajat et al, 2005). Then, it was 
found that excess summer heat-related deaths may also lead to a general reduction of 
mortality in the following winter and/or years, indicating a long-term harvesting 
effect as well (Fouillet et al, 2008; Toulemon & Barbieri, 2008). Only three previous 
studies have investigated this issue analytically, finding that winter mortality levels 
significantly modified the impacts of temperature on mortality in the following 
summer (Ha et al, 2011; Rocklöv et al, 2009; Stafoggia et al, 2009). However, 
despite the significant disease burden of exposure to cold weather, no studies have 
investigated the role of long-term harvesting effect in the winter temperature-
mortality relationship.  
Brisbane, the capital city of Queensland, is situated along the east coast of 
Australia, and has a subtropical climate with mild winter temperatures. Although 
summer weather-related mortality has garnered considerable attention, no previous 
studies have characterised the association between winter temperature and mortality. 
In this study, the cold-related deaths and the possible modification effects by 
previous summer mortality levels were investigated, and recommendations for future 
research directions were made.  
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5.2 MATERIALS AND METHODS 
5.2.1 Data collection 
Brisbane is the third largest city in Australia with 2,065,996 residents in June 
2011 (ABS, 2013). Its average annual temperature and rainfall is 20.6  and 1149.1 
mm, respectively (BOM, 2014). Summers (December–February) are hot and humid, 
while winters (June–August) are mild and dry.  
Daily data on death counts for the period of 1 December 1988 to 30 November 
2008 were obtained from the Australia Bureau of Statistics (ABS). Due to privacy 
protection reason, the data were only available for the Greater Capital City Statistical 
Area (GCCSA) of usual residence by two age groups (i.e., 0–74 years and   75 
years). 
Daily data on maximum, minimum temperatures and relative humidity (RH) 
for the same period were obtained from the Australian Bureau of Meteorology 
(BOM). The daily averages of climatic variables were calculated using all records 
from the selected monitoring sites. This approach has been adopted in previous 
studies (Tong et al, 2012; 2014).  Specifically, the data were from all the 
meteorological stations located within   30 km of the Brisbane central business 
district (7 stations), while missing data (  1.3%) for a particular station were 
replaced by average values from the remaining weather stations’ records. 
 
5.2.2 Statistical methods 
Exploratory analysis 
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To investigate the shape of winter temperature-mortality curve, I fitted a 
generalised additive model (GAM) with natural cubic splines (NCS) to the 
temperature data (Ha et al, 2009). Within the GAM framework, I conducted 
exploratory analysis for the optimal model selection to describe the winter 
temperature effects on mortality. 
Daily mortality data were fitted using a GAM with a Poisson distribution while 
allowing for over-dispersion. Previous studies showed that cold temperature often 
exerts a prolonged effect on mortality (Ballester et al, 1997; Braga et al, 2002; 
Goodman et al, 2004), so I decided a priori to model the lagged temperature effects 
up to 21 days. Smoothing functions (NCS) of the daily cold temperature indicators 
(mean, maximum and minimum temperatures) with varying lag structures (moving 
averages of the current and previous days, up to 21 days) were modelled at first, and 
then, only the optimal predictor was chosen based on the scores of generalised cross-
validation (GCV).  
The short-term effects of temperature on mortality in the cold season may be 
confounded by many factors and it is important to adjust for these variables in the 
model. To control for the between-year variation during the study period, I used 
indicator variables for each winter. To control for the within-winter seasonal 
patterns, I used smooth functions of NCS with 3 df for the winter season (i.e., 1–92 
for each year). Day of the week and public holidays were also included in the model 
as dummy variables. Each year’s population data were modelled as an offset to 
control for the potential confounding effect of demographic shifts over time. 
Additionally, I controlled for daily mean RH using a specific predicator chosen based 
on the same procedure for choosing the temperature indicator.  
The model is described as follows: 
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  [    ]                                                
                                         [1] 
where t is the day of death; E(Y) denotes expected daily death counts;    refers to 
minimum temperature (lag 0–10) on day t;     is the relative humidity (lag 0–10); 
      refers to natural cubic spline;      refers to day of the week on day t;       
is an indicator term modelled for each winter;          is a binary variable that is 
“1” if day t was a holiday;             is the population on year i; α is the intercept; 
and β, γ, and δ are coefficients. 
 
Long-term mortality displacement 
I first stratified the winter data into two strata according to the previous 
summer (December–February) mortality levels. To control for the confounding 
effect of time and seasonality, I regressed the time series of daily death counts 
against time, modelling with NCS function. The choice of df for each age groups was 
based on comparisons of GCV values. I used the residuals of this model to compute 
the mean residual values for each summer (  ) separately, as well as for all summers 
in the whole study period (  ). If the mean residual of a certain year’s summer was 
higher than the mean value of summers in the whole study period (      ), it was 
considered a high-mortality summer, and its following winter was categorised into 
“H” winter stratum. Otherwise, it was considered a low-mortality summer (      ), 
and the following winter was categorised into “L” winter stratum. This method was 
applied to each age categories of the mortality. This approach had been adopted by a 
previous study (Stafoggia et al, 2009). 
To quantify the winter temperature effects simply, I further modelled minimum 
temperature (lag 0–10) with a linear term, which was validated in the exploratory 
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analysis. I examined winter temperature effects in both the “H” and “L” winter strata, 
and all winters (for the whole study period), respectively. Then, a dichotomous 
indicator (HL, “0” for “L” stratum winter days and “1” for “H” stratum winter days) 
was performed as an interaction term to examine whether the winter temperature-
mortality relationship were affected by previous summer mortality levels.  
This model is described as follows: 
  [    ]                                             
                                     [2] 
where    refers to minimum temperature (lag 0–10) on day t; HL represents for high 
or low previous summer mortality and other terms are defined in [1]. 
 
Lagged effects of winter temperature effects on mortality 
I used distributed lag models (DLM) to investigate the short-term lagged 
effects of winter temperature. I specified the function of NCS to model the 
relationship in the additional dimension of lags, allowing for descriptions of the 
dependency between the outcome and lagged exposures. I first detected the presence 
of short-term harvesting effects by observing if there were any excess deaths at lower 
lags would be followed by deficits in mortality at higher lags. If identified, I would 
further quantify the effects of mortality displacement by summing coefficients along 
the lags (Hajat et al, 2005). Previous studies have found that the cold effects were 
spread over a week or more after the exposure (Carder et al, 2005; Guo et al, 2011; 
Pattenden et al, 2003). To capture the main overall temperature effect and adjust for 
any potential harvesting, I used lags up to 21 days.  
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I applied this model to each age category in the “H” winter stratum, “L” winter 
stratum as well as in all winters (for the whole study period). I estimated the relative 
risk (RR) of 1  decrease in minimum temperature, and then plotted the RRs against 
the lags.  
 
Sensitivity Analysis 
I conducted several sensitivity analyses to check the robustness of our results. 
First, I classified the strata of winters by using the median of the residuals as the cut-
off value instead of the mean value of the residuals to test the potential influence of 
model specification on this method. Second, I adjusted for annual winter average 
temperature in the main analyses by adding a linear term for the average value of 
daily minimum temperature in each winter. It aimed to confirm that the reported 
differences of cold effects between winter strata were not caused by the winter 
temperature variations between the two strata. Third, I restricted the analysis to the 
period 1996–2004 for which data were available on air pollutants variables (O3, NO2 
and PM10), and adjusted for the air pollutants (lag 0–10) as potential confounders in 
the winter temperature-mortality association analysis. 
All statistical analyses were performed using R (R Core Team, 2013). DLNM 
was performed using a “dlnm” package (Gasparrini, 2011).  
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5.3 RESULTS 
5.3.1 Descriptive analysis 
Daily mortality data show a clear seasonal pattern, with peaks in winter and 
troughs in summer, and an increasing trend in daily number of death counts during 
the study period in Brisbane, 1988–2008 (Figure 5-1).  
Table 5-1 provides summary statistics of the daily deaths and weather 
variables. There were 179,540 non-accidental deaths during the study period, with 
60.2% of deaths among persons aged   75 years. The average daily minimum, mean 
and maximum temperature in winter was 10.0  , 15.4  and 20.8  , respectively. 
Table 5-2 presents the mortality rates and temperature statistics for the studied winter 
and summer periods, separately. It clearly shows that more people died in winter than 
summer. 
Figure 5-2 shows exposure-response curves between the daily minimum 
temperature (lag 0–10) and death counts for all winters during the study period.  
There was a linear relationship between temperature and mortality across different 
age groups. The statistically significant effects were evident for all age groups, and 
were higher among the elderly than the young. Figure 5-3 displays the association 
between temperature and mortality for all winters and for winters stratified by low or 
high previous-summer mortality. It reveals that the estimated effects of cold 
temperature on mortality were stronger in “L” winter stratum than those in “H” 
winter stratum.  
 Figure 5-4 shows the distributed lag curves for different age groups. All plots 
exhibit significant cold effects after a 2-day lag. The lagged cold effects were 
observed until about day 14 and were stronger for people aged   75 years. Figure 5-
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5 further displays whether previous summer mortality modified the winter 
temperature effects. No apparent harvesting effect was observed. However, the lag 
curves were somewhat different between the two strata, and the effect estimates for 
lagged cold effects were generally higher in the “L” winter stratum than the “H” 
winter stratum. 
 
5.3.2 Quantification of effects 
Table 5-3 depicts the quantification of temperature effects for each winter 
stratum as well as for all winters during the whole study period. A 1  decrease in 
minimum temperature (lag 0–10) was statistically significant associated with an 
increase in mortality of 2.84% (95% CI: 1.75, 3.92), 2.53% (95% CI: 0.69, 4.33) and 
3.00% (95% CI: 1.70, 4.29) for all ages combined, 0–74 years and  75 years, 
respectively.  
Generally, the effect estimates of cold temperature on mortality were higher in 
“L” winter than in “H” winter. A 1  decrease in minimum temperature (lag 0–10) 
was associated with an increase of 2.68% (95% CI: 1.24, 4.09), 2.19% (95% CI: 
0.53, 4.84) and 2.64% (95% CI: 0.78, 4.46) in “H” winter stratum, and 3.06% (95% 
CI: 1.28, 4.81), 2.79% (95% CI: 0.11, 5.40) and 3.14% (95% CI: 1.21, 5.04) in “L” 
winter stratum for all ages combined, 0–74 years and  75 years, respectively. 
However, no significant modification effects by the previous summer were observed 
in this study (p-values for effect modification was 0.651, 0.547 and 0.547, 
respectively).  
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5.3.3 Sensitivity analysis 
When I classified the strata of summers by using the median of the residuals as 
the cut-off value, it produced almost identical results as did using the mean of the 
residuals. The reason for this is that the residuals of this model follow the normal 
distribution, so the median and mean values were very close. Overall, the main 
results changed little when I controlled for air pollution and/or annual winter’s 
average temperature (data not shown).   
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Figure 5-1 Daily death counts for all ages, 0–74 years and   75 years in Brisbane, 
Australia, 1989–2008. 
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Table 5-1 Summary statistics for weather and daily mortality in winter, Brisbane, Australia, 1988–2008. 
Variables 
 
Percentile 
Mean (SD
1
) Min 25th 50th 75th Max 
Weather variables 
Mean temperature                                                                                                                                                                                                                                                                                                                                                                       15.4 (2.1) 7.4 14.1 15.5 16.8 21.9
Maximum temperature     20.8 (2.0) 11.6 19.7 20.8 22.0 28.4 
Minimum temperature     10.0 (3.2) 0.9 7.7 10.1 12.4 18.1 
Relative humidity     68.1(12.8) 25.8 59.9 69.8 77.1 96.3 
Non-accidental 
deaths 
All ages 28.6 (6.8) 7 24 29 18 43 
0-74 years 10.7 (4.1) 0 8 11 13 24 
≥ 75 years  17.9 (5.4) 0 14 18 21 38 
      SD: standard deviation. 
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Table 5-2 Average temperature and daily death counts in winter and summer seasons in Brisbane, Australia, 1988–2008. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H: High previous summer mortality level; L: low previous summer mortality level. 
a
average daily mean temperature (0-lag day, ) for each summer (0-lag day). 
b
average daily number of nonaccidental deaths. 
c
average daily minimum temperature (10-lag 
days, ) for each winter. 
d
all ages. 
  
Summer (December–February) Winter (June–August) 
Year 
Temperature 
( )a 
Deaths
b
 
Year 
Temperature 
( )c 
Deaths
b
 
All
d
 0–74 years 
  
75 years 
All 0–74 years 
  
75 years 
1988–1989 23.9 18.0 (L) 9.4 (L) 8.5 (L) 1989 9.8 29.6 13.5 16.1 
1989–1990 24.4 19.8 (H) 10.1 (H) 9.7 (H) 1990 9.8 25.7 11.5 14.2 
1990–1991 25.4 19.3 (H) 10.1 (L) 9.2 (L) 1991 9.9 25.0 11.8 13.2 
1991–1992 24.8 20.7 (L) 10.5 (H) 10.3 (H) 1992 9.8 30.2 13.0 17.2 
1992–1993 24.8 20.1 (H) 9.7 (H) 10.5 (L) 1993 11.6 25.5 11.5 14.0 
1993–1994 24.2 21.1 (H) 10.2 (H) 10.9 (L) 1994 8.9 31.3 13.4 18.0 
1994–1995 24.1 21.7 (H) 10.4 (H) 11.3 (H) 1995 9.3 29.2 12.7 16.4 
1995–1996 24.3 21.4 (L) 10.0 (L) 11.3 (L) 1996 10.0 31.3 12.1 19.2 
1996–1997 24.1 23.1 (L) 10.8 (H) 12.3 (L) 1997 10.4 28.6 10.0 18.6 
1997–1998 25.7 22.0 (H) 9.2 (L) 12.8 (H) 1998 11.5 28.3 10.5 17.8 
1998–1999 24.4 23.1 (H) 9.2 (H) 13.9 (H) 1999 10.7 30.7 11.4 19.4 
1999–2000 23.1 23.1 (L) 9.0 (H) 14.1 (H) 2000 8.8 26.5 8.7 17.9 
2000–2001 24.1 21.4 (H) 8.0 (L) 13.4 (H) 2001 9.9 28.0 9.4 18.6 
2001–2002 25.2 23.7 (H) 8.7 (L) 15.0 (H) 2002 8.8 30.6 10.0 20.6 
2002–2003 24.0 23.8 (H) 8.8 (H) 14.9 (H) 2003 10.2 27.4 8.8 18.6 
2003–2004 25.3 25.2 (H) 8.6 (H) 16.7 (H) 2004 8.9 28.8 9.2 19.6 
2004–2005 24.6 23.1 (L) 8.3 (H) 14.8 (L) 2005 10.6 29.3 9.9 19.4 
2005–2006 25.7 24.9 (L) 8.8 (H) 16.1 (L) 2006 9.9 28.7 9.1 19.6 
2006–2007 23.8 24.1 (L) 8.2 (L) 15.9 (L) 2007 9.3 32.3 9.9 22.5 
2007–2008 24.2 24.4 (H) 8.5 (L) 15.8 (L) 2008 9.6 31.8 9.6 22.2 
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Table 5-3 Estimated effects associated with 1°C decrease in winter temperature (minimum temperature, lag 0–10) by age groups in Brisbane, 
Australia, 1988–2008.  
Daily death count
a
 
Percentage increase with 1  decrease in winter temperature
b
 
P
c
 
All winter “H” winterc “L” winterd 
All ages 2.84 (1.75–3.92) 2.68 (1.24–4.09) 3.06 (1.28–4.81) 0.651 
0–74 years 2.53 (0.69–4.33) 2.19  (0.53–4.84) 2.79 (0.11–5.40) 0.547 
≥ 75 years 3.00 (1.70–4.29) 2.64 (0.78–4.46) 3.14 (1.21–5.04) 0.547 
a
Percentage increase in daily mortality with a 1  temperature (minimum temperature, lag 0–10) decrease. b”H” winter stratum, winters with high previous summer mortality. 
c”L” winter stratum, winters with low previous summer mortality. dp -Value for the interaction term between previous summer mortality levels and winter temperature 
variable from the model.  
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Figure 5-2 Estimated winter temperature effects (minimum temperature, lag 0–10) by 
age groups in Brisbane, Australia, 1988–2008. 
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Figure 5-3 Combined estimated winter temperature effects (minimum temperature, 
lag 0–10) by age groups for “H” winter (H), “L” winter (L) and all winters over the 
whole study period (All). 
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Figure 5-4 The estimated relative risk of death for a 1  decrease in minimum 
temperature over 21 days of lag in winter (whole study period). 
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Figure 5-5 The estimated relative risk of deaths for a 1  decrease in minimum 
temperature over 21 days of lag in “H” summer (H) and “L” summer (L). 
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5.4 DISCUSSION 
To the best of my knowledge, this is the first study to investigate the long-term 
mortality displacement in cold-related deaths. The major findings of this study are: 
(1) there was an apparent effect of cold temperatures on mortality in winter, and the 
cold effects were more evident for the elderly; (2) no significant short-term mortality 
displacement was observed in the current study; and (3) there was a trend that the 
lower the preceding summer mortality, the stronger the cold effect in the winter. 
However, such a trend did not reach statistical significance.  
Specifically, there was a linear, inverse relationship between temperature and 
mortality in winter, and the slope of the exposure-response curve was larger in the 
elderly. This is consistent with several previous studies (Analitis et al, 2008; 
Langford & Bentham, 1995). For instance, Yu et al. (2011c) reported that cold 
temperature was an important predictor of death in Brisbane and the percentage 
increases in mortality associated with one degree decease of mean temperature (lag 
0–20) were 2.0% and 3.9% for all ages and those aged   85 years, respectively. The 
PHEWE study reported a 1  decrease in apparent temperature was associated with 
a 1.72% increase in mortality in 15 European countries, and that the risk increased to 
a greater extent among the elderly (Analitis et al, 2008). 
However, there are apparent significant heterogeneities in the studies of cold 
temperature effects on mortality. First, evidence shows that the cold temperature 
effects are higher in warmer climates. For example, both the multicity studies in 
European and eastern US reported that higher mean winter temperature over the 
study period was associated with larger cold effects on non-accidental deaths 
(Analitis et al, 2008; Curriero et al, 2002). Healy (2003) reported that excess winter 
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mortality rate was higher in southern Europe than it was in northern Europe. Similar 
results were observed in Taiwan, a subtropical island (Lin et al, 2013). Another 
example of this pattern was observed in a study conducted in the coldest setting, 
Siberia, which surprisingly displayed no cold-related mortality (Donaldson et al, 
1998).  Second, the adverse cold effects on mortality varied between different types 
of disease. Two multicity studies in Europe (Analitis et al, 2008) and the US (O’Neill 
et al, 2003) reported larger winter temperature effects on deaths from respiratory 
diseases than cardiovascular diseases. However, evidence suggests that cold 
exposure exerts a larger adverse effect on cardiovascular mortality than other 
diseases (Barnett et al, 2005; Braga et al, 2002; Ha et al, 2009; Huynen et al, 2001). 
Third, some socioeconomic, demographic and behavioural factors contributed to the 
observed heterogeneities of cold effects. Studies identified that gender (female), race 
(non-White), education (lower educational attainment), lifestyle and housing 
conditions (less household heater use) were associated with the vulnerability towards 
cold temperatures (Healy, 2003; O’Neill et al, 2003; Wilkinson et al, 2004). Because 
information on these factors is unavailable, I could not investigate how they may 
influence the cold-related mortality in this study.  
Previous studies have identified that cold effects would occur over a prolonged 
period of time and the cumulative relative risks may increase along the lag days 
(Braga et al, 2001; Wu et al, 2013; Xie et al, 2013). The results of this study were 
consistent with previous reports. In the current study, I did not observe any 
harvesting effects by using lags up to 21 days. The mortality displacement on a short-
term basis has been found in heat-related deaths (Hajat et al, 2005), but it appears to 
be less prevalent in cold-related mortality (Analitis et al, 2008; Braga et al, 2001). I 
examined whether there was any long-term “harvesting” effect in cold-related deaths 
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in Brisbane. I found that the risk of cold-related deaths in winter was generally 
higher if the previous summer mortality was low, but this modification effect did not 
reach statistical significance. There are three possible reasons for this. First, this 
study may not have sufficient power after splitting the data into two strata. Second, 
the long-term mortality displacement may be more apparent in the susceptible 
subgroups (such as mortality from cardiovascular or respiratory diseases, especially 
among the elderly) for whom the impacts of cold exposure on mortality are more 
evident. Third, long-term mortality displacement might have played a less important 
role in cold-related mortality than heat-related mortality.  
The ‘best’ temperature indicator to predict mortality has always been a 
contentious issue. The Europe multicity study identified that the minimum apparent 
temperature was the best index since it took into account the discomfort conditions 
from both temperature and humidity (Analitis et al, 2008). However, Anderson and 
Bell (2009) and Ha et al. (2009) observed no significant differences in the 
assessment of the temperature effects using various weather indicators. Barnett et al. 
(2010) reported that different temperature measures had similar predictive ability and 
recommended selecting temperature metrics based on practical concerns. In this 
work, the minimum temperature was selected as the exposure index based on 
comparing the model fits using different temperature indicators. I further used a 
measure of humidity to predict the winter deaths and found no apparent effects. This 
approach is an alternative to using apparent temperature and provides more 
flexibility to assess the effects of temperature and humidity, separately.  
As previously discussed, cold temperature exerts a prolonged effect on 
mortality, so it was decided by the best model fit to use an indicator for the exposure 
variable (minimum temperature) the mean for the current day and the previous 10 
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days (lag 0–10) to quantify the cold effects. However, the delayed effect of cold 
temperature on mortality might persist for longer. To examine the overall lagged 
effects of cold temperature and capture any possible short-term mortality 
displacement, I investigated the delayed effect of minimum temperature on mortality 
for up to 21 days by using distributed lag models. The approach of investigating the 
cold effects by using different lags has been used by previous studies (Analitis et al, 
2008).  
This study has three major strengths. First, this is the first attempt to investigate 
the long-term mortality displacement in cold-related deaths. There was a trend that 
the lower the preceding summer mortality, the stronger the cold effect in the winter, 
even though this trend did not reach statistical significance. Second, this study used a 
comprehensive, 20-year dataset and examined the winter mortality patterns by 
different age groups. Finally, a sophisticated statistical approach was adopted in this 
study to examine whether there was short- or long-term mortality displacement in 
cold-related deaths. 
This study has several limitations. First, the study was conducted only in one 
city, and thus the results need to be interpreted cautiously. Second, I was unable to 
examine the long-term harvesting effects in several subgroups (e.g., deaths from 
cardiovascular diseases or respiratory diseases) because these data were not 
available.  Finally, I did not control for the potential effects of influenza epidemics in 
the winter season since these data were not available.  
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5.5 CONCLUSIONS 
There was a significant effect of cold temperatures on mortality in winter in 
Brisbane and the elderly were particularly vulnerable to cold effects. A non-
significant trend was observed in this study, viz., the lower the preceding summer 
mortality, the stronger the cold effect in the winter. Further large studies are required 
to test and confirm this finding. As the dangers of high ambient temperatures and 
extreme heat events have attracted increasing attention, the risk of cold-related 
mortality remains a serious public health issue and should not be overlooked by the 
scientific community, at least at present. 
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5.7 SUPPLEMENTS 
Figure 5-6 The estimated relative risk of death for a 1  decrease in minimum 
temperature over 10 days of lag in winter (whole study period). 
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Chapter 6: Discussion 
As each previous results chapter (Chapters 4 and 5) has its own discussion 
section in which major findings were discussed, this chapter provides an overview on 
the key findings of the thesis, discusses its strengths and limitations, articulates the 
public health implications and makes some recommendations for the future 
researches, and finally draws the conclusions. 
 
6.1 KEY FINDINGS FROM THIS STUDY 
This study reported several key findings (Table 6-1). First, there was an 
apparent effect of the high and cold temperatures on mortality in summer and winter, 
respectively. Second, short-term mortality displacement could be found in heat-
related deaths; however, no such effects were identified in cold-related deaths. Third, 
there is evidence of long-term mortality displacement in both heat- and cold-related 
deaths. Fourth, due to the sharing of the ‘pool’ of frail people, long-term harvesting 
could partially explain the observed heterogeneities of short-term mortality 
displacement. Finally, both the short- and long-term mortality displacement appeared 
to jointly affect the relationship between temperature and mortality.  
  
  
Chapter 6: Discussion 121 
Table 6-1 Key findings of this thesis 
Mortality displacement in heat-related deaths 
 There was an apparent effect of high temperatures on mortality in summer, 
and the heat effects were more evident for the elderly and cardiovascular 
deaths. 
 There was a strong indication of short-term mortality displacement for 
non-accidental deaths in the age group of 0–64 years, and for respiratory 
deaths (all ages combined). 
 If the preceding winter mortality level was low, a stronger heat effect 
occurred in the summer, which indicated a long-term mortality 
displacement. This pattern was apparent in non-accidental and 
cardiovascular deaths, especially for the elderly. 
 Both the short- and long-term mortality displacement appeared to jointly 
affect the relationship between hot temperature and mortality. 
Mortality displacement in cold-related deaths 
 There was an apparent effect of cold temperatures on mortality in winter, 
and the cold effects were more evident for the elderly. 
 No significant short-term mortality displacement in cold-related deaths 
was observed. 
 There was a trend that the lower the preceding summer mortality, the 
stronger the cold effect in the winter. However, such a trend did not reach 
statistical significance. 
 
 122 Chapter 6: Discussion 
Overall, daily mortality in Brisbane exhibits a seasonal pattern with higher risk 
of deaths during the winter. Although the Brisbane population are thought to 
acclimatise to warm weather, studies constantly found significant increases in 
mortality during the hot summers (Huang et al, 2012; Yu et al, 2011c). Cold 
temperatures remain an important risk factor for winter mortality, despite the 
unequivocal warming of the global climate systems (Yu et al, 2011c). Noticeably, the 
effect estimates for high temperatures shown in this study are large compared with 
other studies. For instance, one similar study conducted in Seoul, Korea, showed that 
the heat effect on mortality led to an increase of 7.97% (95% confidence interval 
[95% CI]: 5.50 to 10.49%) in non-accidental mortality with 1  increase in mean 
temperature above the threshold (27.9 ) (Ha et al, 2011). The reason could be due 
to the different climatic conditions across different study settings. For example, in 
cities with similar climates to Brisbane, such as Palermo, similar high values have 
been reported as the percentage change in mortality equals to 17.6% for 1  increase 
in mean temperatur with a threshold of 27.0  (El-Zein & Tewtel-Salem, 2005).  
Previous studies have reported that there was an increase of 8.24% ([95% CI: 
2.79 to 13.70%) in the non-accidental mortality with 1   increase in mean 
temperature above the threshold (24 ) in Brisbane (Yu et al, 2011a; 2011b; 2012). 
However, these studies used the whole year data to estimate the threshold and to 
model the temperature-mortality relationship. Considering that the estimated heat 
effects (the heat slope) are highly dependent on the threshold value, and this study 
only focus on the summer period (December–February), the estimated heat 
thresholds and heat effects are believed to be comparable with previous studies. 
The lag structures of all mortality types were also examined to explore how the 
hot and cold effects changed with time. Different lag effects for hot and cold 
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temperatures were observed. The hot effects occurred on the current day and lasted 
for two days. In contrast, the cold effects did not always occur immediately, but after 
a 2-day lag, and lasting for around two weeks. These findings are consistent with 
previous studies (Baccini et al, 2008; Guo et al, 2011; Yu et al, 2012). For instance, 
Baccini et al. (2008) reported that the mortality rate was generally found to peak with 
a lag of one or two days following the heat exposure. Yu et al. (2012) found that the 
cold effects lasted for up to nine days while no substantial lagged effects were found 
for heat effects.  
Short-term mortality displacement poses a great challenge for researchers 
aiming to understand the associations between ambient temperature and mortality. 
This issue remains unclear to some extent due to sparse evidence and great variations 
across observations. This study contributes valuable evidence to understanding the 
temperature-mortality associations. It stresses the importance of determining whether 
there is mortality displacement in temperature-related deaths in a specific location by 
conducting studies using local data. For example, it was unexpected to find the short-
term harvesting effects in the subgroup of individuals aged less than 65 years, 
because they are thought to occur mainly across deaths from cardiovascular and 
respiratory disease (Braga et al, 2002; Muggeo & Hajat, 2009), especially in the 
elderly population (Guo et al, 2011; Hajat et al, 2005). The underlying reason for this 
finding is that the varying patterns of short-term mortality displacement is due to the 
different epidemiologic profiles of the population at risk (Braga et al, 2001; 2002; 
Guo et al, 2011; Hajat et al, 2005; Muggeo & Hajat, 2009; Pattenden et al, 2003). In 
this case, the relatively younger subgroup (  65 years) was composed of two pools 
of individuals: a low-risk pool (i.e., the majority) and a smaller high-risk pool (i.e., 
people with chronic diseases or higher behavioural vulnerability). The heat stress in 
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the first few days substantially depleted the high-risk pool and led to lower heat 
effects on mortality afterwards. Since the study populations may vary greatly, it is 
too simple to assume a single pattern for the harvesting effects without a close 
investigation using local data.  
The current study suggests that cold-related deaths may be free from short-term 
harvesting effects (Braga et al, 2001; 2002; Guo et al, 2011). This finding should be 
taken into consideration when evaluating and comparing the severity of hot and cold 
effects on mortality. Moreover, this study adds evidence to support the notion that 
mortality displacement is more likely to occur in normal hot days instead of during 
extreme heat episodes (Rocklöv et al, 2009). For example, I found short-term 
harvesting effects in the relationships between general high ambient temperatures 
and mortality in Brisbane; however, no such effects were found in the city’s 2004 
heatwave (Tong et al, 2010). It is beyond the scope of this study to assess the 
harvesting effects in extreme weather events, such as heatwaves and cold spells.  
As only three previous studies have explored long-term mortality displacement 
and they all aimed to assess its effects on heat-related deaths, long-term harvesting 
effects remain largely unknown. This study was designed to advance current 
knowledge. First, I examined long-term harvesting effects in heat- and cold-related 
deaths. If both short- and long-term harvesting effects in heat- or cold-related deaths 
were identified, I further explored how displacement occurring over a longer time 
frame might affect the short-term harvesting effects as well as the heat effects. 
Overall, significant long-term harvesting effects were found in heat-related deaths, 
but not in cold-related deaths. Varying effects were found across different age- and 
cause-specific mortality categories. Furthermore, the presence of long-term mortality 
displacement resulted in different short-term harvesting effects in heat-related deaths. 
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As discussed in Chapter 4, this novel finding will contribute to better understanding 
and estimation of the actual burden of temperature-related mortality. However, as the 
evidence remains limited, more studies are needed to clarify the nature of this issue.  
 
6.2 STRENGTHS 
There are four major strengths in this thesis. First, it is the first study to 
investigate both short- and long-term mortality displacement in heat-related deaths, 
and consequently sheds some light on the observed heterogeneity of previous 
findings on short-term mortality displacement. Second, this is the first attempt to 
assess the long-term mortality displacement in cold-related deaths. Third, this study 
used a sophisticated statistical approach to explore the summer and winter mortality 
patterns across different age groups and disease categories, and to examine whether 
there was short- or long-term mortality displacement in heat- and cold-related deaths. 
Finally, the robustness of this study was confirmed by a series of sensitivity analyses.  
 
6.3 LIMITATIONS 
This thesis also has several limitations. First, this study was conducted only in 
one city, and thus the results need to be interpreted cautiously. Second, (as discussed 
in Chapter 4) the use of data from only one monitoring site may result in exposure 
misclassification. However, a recent study found that single site temperatures and 
averaged temperatures from a network of sites had the similar ability to predict 
mortality as kriged spatial temperatures in Brisbane (Guo, Barnett, & Tong, 2013).
  
Third, (as discussed in Chapter 5) I was unable to examine the long-term harvesting 
effects in several subgroups (e.g., deaths from cardiovascular diseases or respiratory 
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diseases) because these data were unavailable. Fourth, I was unable to evaluate the 
confounding effects of the usage of air conditioning (Chapter 4) and influenza 
epidemics (Chapter 5) because these data were unavailable. Finally, exposures to 
ambient temperature were assessed by using weather data collected from the 
monitoring sites, which indicates the exposure of a population rather than of 
individuals. This may result in measurement bias to some extent. 
 
6.4 IMPLICATIONS OF THE RESEARCH FINDINGS 
This study suggests that residents in Brisbane experience a considerable burden 
of heat-related mortality, and a rapid and well-prepared response is required to 
protect the city’s susceptible subgroups from heat effects, particularly if the previous 
winter mortality rate is low. These prevention programmes may be more effective if 
they specifically target those with cardiovascular or respiratory diseases, especially 
among the elderly. Cold effects should not be overlooked by the scientific 
community since more deaths are observed in the winter season. Protection measures 
against cold temperatures, such as warm houses, staying indoors and wearing more 
clothing, should be recommended to the general public, especially to the elderly and 
frail people. Moreover, projection studies for heat-related deaths should take into 
consideration both the short- and long-term mortality displacements, because they 
could significantly affect the heat effects on mortality. Finally, this study helps better 
estimate and forecast the accurate number of temperature-related deaths and actual 
burden of temperature-related mortality, and may help to assist policy making and 
resource allocating for adapting to the changing climate. 
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6.5 RECOMMENDATIONS FOR FUTURE RESEARCH DIRECTIONS 
More research is required to assess short- and long-term mortality displacement 
in temperature-related deaths. For example, in this study, only non-accidental deaths 
in winter were used to investigate the long-term mortality displacement. However, 
varied harvesting effects may appear across different cause-specific mortality 
categories. There is a need to explore harvesting effect in deaths from other diseases, 
especially from cardiovascular diseases, which account for more than 40% of the 
total non-external deaths in Brisbane (Yu et al, 2011c).  
This study was conducted in one city. To increase generalisability, multicity 
analyses with sophisticated statistical approaches should be conducted to estimate the 
short- and long-term mortality displacement in temperature-related deaths.  
It would be desirable to obtain more information on confounding factors. For 
instance, usage of air conditioning and influenza epidemics are frequently identified 
as confounders of the temperature-mortality relationships (Basu, 2009; Analitis et al, 
2008). If possible, future studies should control for these factors in their analyses. 
Accurate projection of future temperature-related mortality risks is urgently 
required for evidence-based action to reduce the adverse health impacts of climate 
change (Costello et al, 2009). Theoretical frameworks and quantitative methods for 
projections are constantly refined as knowledge accumulates (Huang et al, 2012). 
This study recommends a stronger theoretical framework that takes into 
consideration the issue of mortality displacement should be developed.  
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6.6 CONCLUSIONS 
This thesis demonstrated an apparent effect of high and cold temperatures on 
mortality in the hot and cold seasons, respectively. A short-term mortality 
displacement in respiratory mortality was observed in all summer data. However, no 
short-term harvesting effects were found in cold-related deaths. There is evidence of 
long-term mortality displacement in both heat- and cold-related deaths. In heat-
related deaths, the long-term harvesting effect was more apparent among those with 
cardiovascular disease, especially among the elderly. Although I found that the lower 
the preceding summer mortality, the stronger the cold effect in winter, this trend did 
not reach statistical significance. Therefore, mortality displacement seems to have 
played a less important role in cold-related mortality than in heat-related mortality. 
The more novel finding of this study is that the long-term harvesting effect could 
partially explain the observed heterogeneities of the short-term mortality 
displacement, and both the short- and long-term mortality displacement appeared to 
jointly affect the relationship between temperature and mortality. The study adds 
valuable evidence to elucidate heat and cold temperature effects, to understand 
harvesting effects, to facilitate accurate forecasts and to recommend public health 
intervention strategies. 
 
 References 129 
References 
Australia Bureau of Statistics. (2009). 3218.0 - Population Estimates by Local 
Government Area, 2001 to 2007. Retrieved from 
http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/3218.02006-
07.html 
 
Australia Bureau of Statistics. (2013). 3218.0 - Regional Population Growth, 
Australia, 2011-12. Retrieved from 
http://www.abs.gov.au/ausstats/abs@.nsf/Products/3218.0~2011-
12~Main+Features~Queensland?OpenDocument 
 
Analitis, A., Katsouyanni, K., Biggeri, A., Baccini, M., Forsberg, B., Bisanti, L., … 
Michelozzi, P. (2008). Effects of cold weather on mortality: Results from 15 
European cities within the PHEWE project. American Journal of 
Epidemiology, 168(12), 1397-1408. doi: 10.1093/aje/kwn266 
 
Anderson, B. G., & Bell, M. L. (2009). Weather-related mortality: How heat, cold, 
and heat waves affect mortality in the United States. Epidemiology, 20(2), 
205-213. doi: 10.1097/EDE.0b013e318190ee08 
 
Anderson, B. G., & Bell, M. L. (2011). Heat waves in the United States: Mortality 
risk during heat waves and effect modification by heat wave characteristics in 
43 U.S. communities. Environmental Health Perspectives, 119(2), 210-218. 
doi: 10.1289/ehp.1002313  
 
Armstrong, B. (2006). Models for the relationship between ambient temperature and 
daily mortality. Epidemiology, 17(6), 624-631. doi: 
10.1097/01.ede.0000239732.50999.8f 
 
Aylin, P., Morris, S., Wakefield, J., Grossinho, A., Jarup, L., & Elliott, P. (2001). 
Temperature, housing, deprivation and their relationship to excess winter 
mortality in Great Britain, 1986–1996. International Journal of 
Epidemiology, 30(5), 1100-1108. doi: 10.1093/ije/30.5.1100 
 
Baccini, M., Biggeri, A., Accetta, G., Kosatsky, T., Katsouyanni, K., Analitis, A., … 
Danova, J. (2008). Heat effects on mortality in 15 European cities. 
Epidemiology, 19(5), 711-719. doi: 10.1097/EDE.0b013e318176bfcd 
 
Baibas, N., Trichopoulou, A., Voridis, E., & Trichopoulos, D. (2005). Residence in 
mountainous compared with lowland areas in relation to total and coronary 
 130 References 
mortality. A study in rural Greece. Journal of Epidemiology & Community 
Health, 59(4), 274-278. doi:10.1136/jech.2004.025510 
 
Balbus, J. M., & Malina, C. (2009). Identifying vulnerable subpopulations for 
climate change health effects in the United States. Journal of Occupational 
and Environmental Medicine, 51(1), 33-37. doi: 
10.1097/JOM.0b013e318193e12e 
 
Ballester, F., Corella, D., Pérez-Hoyos, S., Sáez, M., & Hervás, A. (1997). Mortality 
as a function of temperature. A study in Valencia, Spain, 1991-1993. 
International Journal of Epidemiology, 26(3), 551-561. doi: 
10.1093/ije/26.3.551 
 
Ballester, F., Michelozzi, P., & Iñiguez, C. (2003). Weather, climate, and public 
health. Journal of Epidemiology & Community Health, 57(10), 759-760. 
doi:10.1136/jech.57.10.759 
 
Banwell, C., Dixon, J., Bambrick, H., Edwards, F., & Kjellström, T. (2012). Socio-
cultural reflections on heat in Australia with implications for health and 
climate change adaptation. Globle Health Action, 5, 19277. 
http://dx.doi.org/10.3402/gha.v5i0.19277 
 
Barnett, A. G., Dobson, A. J., McElduff, P., Salomaa, V., Kuulasmaa, K., & Sans, S. 
(2005). Cold periods and coronary events: An analysis of populations 
worldwide. Journal of Epidemiology & Community Health, 59(7), 551-557. 
doi:10.1136/jech.2004.028514 
 
Barnett, A. G., Tong, S., & Clements, A. (2010). What measure of temperature is the 
best predictor of mortality? Environmental Research, 110(6), 604-611. 
http://dx.doi.org/10.1016/j.envres.2010.05.006 
 
Basu, R. (2009). High ambient temperature and mortality: A review of epidemiologic 
studies from 2001 to 2008. Environmental Health, 8, 40. doi:10.1186/1476-
069X-8-40 
 
Basu, R., Dominici, F., & Samet, J. M. (2005). Temperature and mortality among the 
elderly in the United States: A comparison of epidemiologic methods. 
Epidemiology, 16(1), 58-66. doi: 10.1097/01.ede.0000147117.88386.fe 
 
Basu, R., Feng, W. Y., & Ostro, B. D. (2008). Characterizing temperature and 
mortality in nine California counties. Epidemiology, 19(1), 138-145. doi: 
10.1097/EDE.0b013e31815c1da7 
 
  
References 131 
Basu, R., & Malig, B. (2011). High ambient temperature and mortality in California: 
Exploring the roles of age, disease, and mortality displacement. 
Environmental Research, 111(8), 1286-1292. 
http://dx.doi.org/10.1016/j.envres.2011.09.006 
 
Basu, R., & Ostro, B. D. (2008). A multicounty analysis identifying the populations 
vulnerable to mortality associated with high ambient temperature in 
California. American Journal of Epidemiology, 168(6), 632-637. doi: 
10.1093/aje/kwn170 
 
Basu, R., & Samet, J. M. (2002). Relation between elevated ambient temperature and 
mortality: A review of the epidemiologic evidence. Epidemiologic Reviews, 
24(2), 190-202. doi: 10.1093/epirev/mxf007 
 
Becker, S., & Weng, S. (1998). Seasonal patterns of deaths in Matlab, Bangladesh. 
International Journal of Epidemiology, 27(5), 814-823. doi: 
10.1093/ije/27.5.814 
 
Bell, M. L., O’Neill, M. S., Ranjit, N., Borja-Aburto, V. H., Cifuentes, L. A., & 
Gouveia, N. C. (2008). Vulnerability to heat-related mortality in Latin 
America: A case-crossover study in Sao Paulo, Brazil, Santiago, Chile and 
Mexico City, Mexico. International Journal of Epidemiology, 37(4), 796-
804. doi: 10.1093/ije/dyn094 
 
Bhaskaran, K., Gasparrini, A., Hajat, S., Smeeth, L., & Armstrong, B. (2013). Time 
series regression studies in environmental epidemiology. International 
Journal of Epidemiology, 42(4), 1187-1195. doi: 10.1093/ije/dyt092 
 
Bouchama, A., & Knochel, J. P. (2002). Heat stroke. The New England Journal of 
Medicine, 346(25), 1978-1988. doi: 10.1056/NEJMra011089 
 
Braga, A. L., Zanobetti, A., & Schwartz, J. (2001). The time course of weather-
related deaths. Epidemiology, 12(6), 662-667. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/11679794 
 
Braga, A. L., Zanobetti, A., & Schwartz, J. (2002). The effect of weather on 
respiratory and cardiovascular deaths in 12 U.S. cities. Environmental Health 
Perspectives, 110(9), 859-863. Retrieved from 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1240983/ 
 
Bureau of Meteorology. (2014). Climate statistics for Australian locations. Retrieved 
from http://www.bom.gov.au/climate/averages/tables/cw_040214.shtml 
 
 132 References 
Carder, M., McNamee, R., Beverland, I., Elton, R., Cohen, G. R., Boyd, J., & Agius, 
R. M. (2005). The lagged effect of cold temperature and wind chill on 
cardiorespiratory mortality in Scotland. Occupational & Environmental 
Medicine, 62(10), 702-710. doi:10.1136/oem.2004.016394 
 
Centers for Disease Control and Prevention. (1993). Heat-related deaths--United 
States, 1993. Morbidity and mortality weekly report, 42(28), 558-560. 
Retrieved from 
http://www.cdc.gov/mmwr/preview/mmwrhtml/00021217.htm 
 
Centers for Disease Control and Prevention. (1995). Heat--related illnesses and 
deaths-United States, 1994-1995. Morbidity and mortality weekly report, 
44(25), 465-468. Retrieved from 
http://www.cdc.gov/mmwr/preview/mmwrhtml/00038016.htm 
 
Centers for Disease Control and Prevention. (1997). Heat-related deaths--Dallas, 
Wichita, and Cooke counties, Texas, and United States, 1996. Morbidity and 
mortality weekly report, 46(23), 528-531. Retrieved from 
http://www.cdc.gov/mmwr/preview/mmwrhtml/00047895.htm 
 
Centers for Disease Control and Prevention. (2005). Hypothermia-related deaths--
United States, 2003-2004. Morbidity and mortality weekly report, 54(7), 173-
175. Retrieved from 
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5407a4.htm 
 
Centers for Disease Control and Prevention. (2006). Hypothermia-related deaths--
United States, 1999-2002 and 2005. Morbidity and mortality weekly report, 
55(10), 282-284. Retrieved from 
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm5510a5.htm 
 
Cheng, Y., & Kan, H. (2012). Effect of the interaction between outdoor air pollution 
and extreme temperature on daily mortality in Shanghai, China. Journal of 
Epidemiology / Japan Epidemiological Association, 22(1), 28-36. doi: 
10.2188/jea.JE20110049 
 
Costello, A., Abbas, M., Allen, A., Ball, S., Bell, S., Bellamy, R., … Patterson, C. 
(2009). Managing the health effects of climate change. The Lancet, 
373(9676), 1693-1733. doi:10.1016/S0140-6736(09)60935-1 
 
Crawford, V., McCann, M., & Stout, R.W. (2003). Changes in seasonal deaths from 
myocardial infarction. QJM, 96(1), 45-52. doi: 10.1093/qjmed/hcg005 
 
  
References 133 
Curriero, F. C., Heiner, K. S., Samet, J. M., Zeger, S. L., Strug, L., & Patz, J. A. 
(2002). Temperature and mortality in 11 cities of the eastern United States. 
American Journal of Epidemiology, 155(1), 80-87. doi: 10.1093/aje/155.1.80 
 
Davis, R. E., Knappenberger, P. C., Michaels, P. J., & Novicoff, W. M. (2004). 
Seasonality of climate-human mortality relationships in US cities and impacts 
of climate change. Climate Research, 26(1), 61-76. doi:10.3354/cr026061 
 
Dematte, J. E., O'Mara, K., Buescher, J., Whitney, C. G., Forsythe, S., McNamee, T., 
… Ndukwu, I. M. (1998). Near-fatal heat stroke during the 1995 heat wave in 
Chicago. Annals of Internal Medicine, 129(3), 173-181. doi:10.7326/0003-
4819-129-3-199808010-00001 
 
Dixit, S. N., Bushara, K. O., & Brooks, B.R. (1997). Epidemic heat stroke in a 
midwest community: Risk factors, neurological complications and sequelae 
[Abstract]. Wisconsin Medical Journal, 96(5), 39-41. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9167437 
 
Donaldson, G., Ermakov, S., Komarov, Y., McDonald, C., & Keatinge, W. (1998). 
Cold related mortalities and protection against cold in Yakutsk, eastern 
Siberia: Observation and interview study. BMJ, 317(7164), 978-982. doi: 
http://dx.doi.org/10.1136/bmj.317.7164.978 
 
Donaldson, G., & Keatinge, W. (2002). Excess winter mortality: Influenza or cold 
stress? Observational study. BMJ, 324(7329), 89-90. doi: 
http://dx.doi.org/10.1136/bmj.324.7329.89 
 
Donaldson, G., Rintamäki, H., & Näyhä, S. (2001). Outdoor clothing: Its relationship 
to geography, climate, behaviour and cold-related mortality in Europe. 
International Journal of Biometeorology, 45(1), 45-51. doi: 
10.1007/s004840000072 
 
Ebi, K. L., & Mills, D. (2013). Winter mortality in a warming climate: A 
reassessment. Wiley Interdisciplinary Reviews: Climate Change, 4(3), 203-
212. doi: 10.1002/wcc.211 
 
Eccles, R. (2002). Acute cooling of the body surface and the common cold. 
Rhinology, 40(3), 109-114.  
 
El-Zein, A., & Tewtel-Salem, M. (2005). On the association between high 
temperature and mortality in warm climates. Science of The Total 
Environment, 343(1-3), 273-275.  dc 
http://dx.doi.org/10.1016/j.scitotenv.2004.12.024 
 
 134 References 
Faeh, D., Gutzwiller, F., & Bopp, M. (2009). Lower mortality from coronary heart 
disease and stroke at higher altitudes in Switzerland. Circulation, 120(6), 
495-501. doi:10.1161/CIRCULATIONAHA.109.192595 
 
Folinsbee, L. J. (1993). Human health effects of air pollution. Environmental Health 
Perspectives, 100, 45-56.  
 
Fouillet, A., Rey, G., Wagner, V., Laaidi, K., Empereur-Bissonnet, P., Le Tertre, A., 
… Hémon, D. (2008). Has the impact of heat waves on mortality changed in 
France since the European heat wave of summer 2003? A study of the 2006 
heat wave. International Journal of Epidemiology, 37(2), 309-317. doi: 
10.1093/ije/dym253 
 
Gamble, J. L., Ebi, K. L., Grambsch, A. E., Sussman, F. G., & Wibanks, T. J. (2008). 
Analyses of the effects of global change on human health and welfare and 
human systems (SAP 4.6). Retrieved from 
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=197244 
 
Gasparrini, A. (2011). Distributed lag linear and non-linear models in R: The 
package dlnm. Journal of Statistical Software, 43(8), 1-20.  
 
Gasparrini, A., Armstrong, B., & Kenward, M. G. (2010). Distributed lag non-linear 
models. Statistics in Medicine, 29(21), 2224-2234. doi: 10.1002/sim.3940 
 
Gasparrini, A., Armstrong, B., Kovats, S., & Wilkinson, P. (2012). The effect of high 
temperatures on cause-specific mortality in England and Wales. Occupational 
& Environmental Medicine, 69(1), 56-61. doi: 10.1136/oem.2010.059782 
 
Gemmell, I., McLoone, P., Boddy, F. A., Dickinson, G. J., & Watt, G. (2000). 
Seasonal variation in mortality in Scotland. International Journal of  
Epidemiology, 29(2), 274-279. doi: 10.1093/ije/29.2.274 
 
Goldberg, M. S., Gasparrini, A., Armstrong, B., & Valois, M-F. (2011). The short-
term influence of temperature on daily mortality in the temperate climate of 
Montreal, Canada. Environmental Research, 111(6), 853-860. 
http://dx.doi.org/10.1016/j.envres.2011.05.022 
 
Gómez-Acebo, I., Llorca, J., & Dierssen, T. (2013). Cold-related mortality due to 
cardiovascular diseases, respiratory diseases and cancer: A case-crossover 
study. Public Health, 127(3), 252-258.        
http://dx.doi.org/10.1016/j.puhe.2012.12.014 
 
  
References 135 
Goodman, P. G., Dockery, D. W., & Clancy, L. (2004). Cause-specific mortality and 
the extended effects of particulate pollution and temperature exposure. 
Environmental Health Perspectives, 112(2), 179-185.  
 
Gorjanc, M. L., Flanders, W. D., VanDerslice, J., Hersh, J., & Malilay, J. (1999). 
Effects of temperature and snowfall on mortality in Pennsylvania. American 
Journal of Epidemiology, 149(12), 1152-1160.  
 
Gouveia, N., Hajat, S., & Armstrong, B. (2003). Socioeconomic differentials in the 
temperature–mortality relationship in São Paulo, Brazil. International  
Journal of Epidemiology, 32(3), 390-397. doi: 10.1093/ije/dyg077 
 
Gover, M. (1938). Mortality during periods of excessive temperature. Public Health 
Reports, 53(27), 1122-1143. Retrieved from 
http://www.jstor.org/stable/4582590 
 
Guo, Y., Barnett, A. G., Pan, X., Yu, W., & Tong, S. (2011). The impact of 
temperature on mortality in Tianjin, China: A case-crossover design with a 
distributed lag nonlinear model. Environmental Health Perspectives, 119(12), 
1719-1725. doi: 10.1289/ehp.1103598 
 
Guo, Y., Barnett, A. G., & Tong, S. (2012). High temperatures-related elderly 
mortality varied greatly from year to year: Important information for heat-
warning systems. Scientific reports, 2(830). doi:10.1038/srep00830 
 
Guo, Y., Barnett, A. G., & Tong, S. (2013). Spatiotemporal model or time series 
model for assessing city-wide temperature effects on mortality? 
Environmental Research, 120, 55-62. 
http://dx.doi.org/10.1016/j.envres.2012.09.001 
 
Ha, J., Kim, H., & Hajat, S. (2011). Effect of previous-winter mortality on the 
association between summer temperature and mortality in South Korea. 
Environmental Health Perspectives, 119(4), 542-546. doi: 
10.1289/ehp.1002080 
 
Ha, J., Yoon, J., & Kim, H. (2009). Relationship between winter temperature and 
mortality in Seoul, South Korea, from 1994 to 2006. Science of The Total 
Environment, 407(7), 2158-2164. 
http://dx.doi.org/10.1016/j.scitotenv.2008.12.029 
 
Hajat, S., Armstrong, B., Gouveia, N., & Wilkinson, P. (2005). Mortality 
displacement of heat-related deaths: A comparison of Delhi, Sao Paulo, and 
London. Epidemiology, 16(5), 613-620. doi: 
10.1097/01.ede.0000164559.41092.2a 
 136 References 
 
Hajat, S., & Kosatky, T. (2010). Heat-related mortality: A review and exploration of 
heterogeneity. Journal of Epidemiology & Community Health, 64(9), 753-
760. doi:10.1136/jech.2009.087999 
 
Hajat, S., Sheridan, S. C., Allen, M. J., Pascal, M., Laaidi, K., Yagouti, A., … 
Kosatsky, T. (2010). Heat-health warning systems: A comparison of the 
predictive capacity of different approaches to identifying dangerously hot 
days. American Journal of Public Health, 100(6), 1137-1144. doi: 
10.2105/AJPH.2009.169748 
 
Hajat, S., Vardoulakis, S., Heaviside, C., & Eggen, B. (2014). Climate change effects 
on human health: Projections of temperature-related mortality for the UK 
during the 2020s, 2050s and 2080s. Journal of Epidemiology & Community 
Health, doi:10.1136/jech-2013-202449 
 
Hales, S., Blakely, T., & Woodward, A. (2012). Air pollution and mortality in New 
Zealand: Cohort study. Journal of Epidemiology & Community Health, 66(5), 
468-473. doi: 10.1136/jech.2010.112490 
 
Hanna, E. G., Kjellstrom, T., Bennett, C., & Dear, K. (2011). Climate change and 
rising heat: Population health implications for working people in Australia. 
Asia-Pacific Journal of Public Health, 23(2 suppl), 14S-26S. doi: 
10.1177/1010539510391457 
 
Healy, J. D. (2003). Excess winter mortality in Europe: A cross country analysis 
identifying key risk factors. Journal of Epidemiology & Community Health, 
57(10), 784-789. doi:10.1136/jech.57.10.784 
 
Hong, Y. C., Kim, H., Oh, S. Y., Lim, Y. H., Kim, S. Y., Yoon, H. J., & Park, M. 
(2012). Association of cold ambient temperature and cardiovascular markers. 
Science of The Total Environment, 435-436, 74-79.        
http://dx.doi.org/10.1016/j.scitotenv.2012.02.070 
 
Hu, W., Mengersen, K., McMichael, A., & Tong, S. (2008). Temperature, air 
pollution and total mortality during summers in Sydney, 1994–2004. 
International Journal of Biometeorology, 52(7), 689-696. doi: 
10.1007/s00484-008-0161-8 
 
Huang, C., Barnett, A. G., Wang, X., & Tong, S. (2012). The impact of temperature 
on years of life lost in Brisbane, Australia. Nature Climate Change, 2(4), 
265-270. doi:10.1038/nclimate1369 
 
  
References 137 
Huang, C., Barnett, A. G., Wang, X., Vaneckova, P., FitzGerald, G., & Tong, S. 
(2011a). Projecting future heat-related mortality under climate change 
scenarios: A systematic review. Environmental Health Perspectives, 119(12), 
1681-1690. doi:  10.1289/ehp.1103456 
 
Huang, C., Vaneckova, P., Wang, X., FitzGerald, G., Guo, Y., & Tong, S. (2011b). 
Constraints and barriers to public health adaptation to climate change: A 
review of the literature. American Journal of Preventive Medicine, 40(2), 
183-190. http://dx.doi.org/10.1016/j.amepre.2010.10.025 
 
Huynen, M. M., Martens, P., Schram, D., Weijenberg, M. P., & Kunst, A. E. (2001). 
The impact of heat waves and cold spells on mortality rates in the Dutch 
population. Environmental Health Perspectives, 109(5), 463-470.  
 
IPCC. (2007). Climate Change 2007: Synthesis report. Contribution of Working 
Groups I, II and III to the Fourth assessment report of the Intergovernmental 
Panel on Climate Change. [Core Writing Team, Pachauri, R.K and Reisinger, 
A. (eds.)]. IPCC, Geneva, Switzerland, 104 pp. 
 
IPCC. (2013). Summary for policymakers. In: Climate Change 2013: The physical 
science basis. Contribution of Working Group I to the Fifth assessment report 
of the Intergovernmental Panel on Climate Change [Stocker,T.F., Qin, D., 
Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J., Nauels,A., … & 
Midgley, P.M. (eds.)]. Cambridge University Press, U K and New York, NY.   
 
Kalkstein, L. S. (1991). A new approach to evaluate the impact of climate on human 
mortality. Environmental Health Perspectives, 96, 145-150.  
 
Kalkstein, L. S., & Greene, J. S. (1997). An evaluation of climate/mortality 
relationships in large U.S. cities and the possible impacts of a climate change. 
Environmental Health Perspectives, 105(1), 84-93.  
 
Kampa, M., & Castanas, E. (2008). Human health effects of air pollution. 
Environmental Pollution, 151(2), 362-367.        
http://dx.doi.org/10.1016/j.envpol.2007.06.012 
 
Katsouyanni, K., Touloumi, G., Spix, C., Schwartz, J., Balducci, F., Medina, S., … 
Anderson, H. R. (1997). Short-term effects of ambient sulphur dioxide and 
particulate matter on mortality in 12 European cities: Results from time series 
data from the APHEA project. Air Pollution and Health: A European 
Approach. BMJ, 314(7095), 1658-1663.  
 
Keatinge, W. R. (2002). Winter mortality and its causes. International Journal of  
Circumpolar Health, 61(4), 292-299.  
 138 References 
 
Keatinge, W. R., Coleshaw, S. R., Cotter, F., Mattock, M., Murphy, M., & Chelliah, 
R. (1984). Increases in platelet and red cell counts, blood viscosity, and 
arterial pressure during mild surface cooling: Factors in mortality from 
coronary and cerebral thrombosis in winter. BMJ, 289(6456), 1405-1408.  
 
Keatinge, W. R., & Donaldson, G. C. (1997). Cold exposure and winter mortality 
from ishaemic heart disease cerebrovascular disease respiratory disease and 
all causes in warm and cold regions of Europe. The Lancet, 349(9062), 1341-
1346. http://dx.doi.org/10.1016/S0140-6736(96)12338-2 
 
Keatinge, W. R., & Donaldson, G. C. (2001). Mortality related to cold and air 
pollution in London after allowance for effects of associated weather patterns. 
Environmental Research, 86(3), 209-216.        
http://dx.doi.org/10.1006/enrs.2001.4255 
 
Keatinge, W. R., Donaldson, G. C., Bucher, K., Jendritzky, G., Cordioli, E., 
Martinelli, M., … Vuori, I. (2000). Winter mortality in relation to climate. 
International Journal of  Circumpolar Health, 59(3-4), 154-159.  
 
Kilbourne, E. M. (1992). Illness due to thermal extremes. Public health and 
preventative medicine, 491-501.  
 
Kilbourne, E. M. (1997). Heat waves and hot environments. The public health 
consequences of disasters, 245-269.  
 
Kilbourne, E. M., Choi, K., Jones, T. S., & Thacker, S. B. (1982). Risk factors for 
heatstroke: A case-control study. JAMA, 247(24), 3332-3336. 
doi:10.1001/jama.1982.03320490030031 
 
Kinney, P. L., O’Neill, M. S., Bell, M. L., & Schwartz, J. (2008). Approaches for 
estimating effects of climate change on heat-related deaths: Challenges and 
opportunities. Environmental Science & Policy, 11(1), 87-96.        
http://dx.doi.org/10.1016/j.envsci.2007.08.001 
 
Klinenberg, E. (2003). Heat wave: A social autopsy of disaster in Chicago. 
University of Chicago Press. 
 
Kovats, R. S., & Hajat, S. (2008). Heat stress and public health: A critical review. 
Annual  Review of Public Health, 29, 41-55. doi: 
10.1146/annurev.publhealth.29.020907.090843 
 
  
References 139 
Kunst, A. E., Looman, C., & Mackenbach, J. P. (1993). Outdoor air temperature and 
mortality in the Netherlands: A time-series analysis. American Journal of 
Epidemiology, 137(3), 331-341.  
 
Kyselý, J. (2004). Mortality and displaced mortality during heat waves in the Czech 
Republic. International Journal of Biometeorology, 49(2), 91-97. doi: 
10.1007/s00484-004-0218-2.  
 
Kyselý, J., & Kim, J. (2009). Mortality during heat waves in South Korea, 1991 to 
2005: How exceptional was the 1994 heat wave? Climate Research, 38(2), 
105-116. doi:10.3354/cr00775 
 
Langford, I. H., & Bentham, G. (1995). The potential effects of climate change on 
winter mortality in England and Wales. Interational Journal of 
Biometeorology, 38(3), 141-147.  doi: 10.1007/BF01208491 
 
Le Tertre, A., Lefranc, A., Eilstein, D., Declercq, C., Medina, S., Blanchard, M., … 
Ledrans, M. (2006). Impact of the 2003 heatwave on all-cause mortality in 9 
French cities. Epidemiology, 17(1), 75-79. doi: 
10.1097/01.ede.0000187650.36636.1f 
 
Lerchl, A. (1998). Changes in the seasonality of mortality in Germany from 1946 to 
1995: The role of temperature. International Journal of Biometeorology, 
42(2), 84-88. doi: 10.1007/s004840050089 
 
Levy, D., Lumley, T., Sheppard, L., Kaufman, J., & Checkoway, H. (2001). Referent 
selection in case-crossover analyses of acute health effects of air pollution. 
Epidemiology, 12(2), 186-192.  
 
Lim, C., & Duflou, J. (2008). Hypothermia fatalities in a temperate climate: Sydney, 
Australia. Pathology, 40(1), 46-51. doi:10.1080/00313020701716466 
 
Lin, Y. K., Wang, Y. C., Lin, P. L., Li, M. H., & Ho, T. J. (2013). Relationships 
between cold-temperature indices and all causes and cardiopulmonary 
morbidity and mortality in a subtropical island. Science of The Total 
Environment, 461-462, 627-635.        
http://dx.doi.org/10.1016/j.scitotenv.2013.05.030 
 
Liu, L., Breitner, S., Pan, X., Franck, U., Leitte, A. M., Wiedensohler, A., … 
Schneider, A. (2011). Associations between air temperature and cardio-
respiratory mortality in the urban area of Beijing, China: A time-series 
analysis. Environmental Health, 10, 51. doi: 10.1186/1476-069x-10-51 
 
 140 References 
Lumley, T., & Levy, D. (2000). Bias in the case–crossover design: Implications for 
studies of air pollution. Environmetrics, 11(6), 689-704. doi: 10.1002/1099-
095X(200011/12)11:6<689::AID-ENV439>3.0.CO;2-N 
 
MacFarlane, A., & Waller, R. E. (1976). Short term increases in mortality during 
heatwaves. Nature,264, 434-436. doi:10.1038/264434a0 
 
Maheswaran, R., Chan, D., Fryers, P. T., McManus, C., & McCabe, H. (2004). 
Socio-economic deprivation and excess winter mortality and emergency 
hospital admissions in the South Yorkshire Coalfields Health Action Zone, 
UK. Public health, 118(3), 167-176.        
http://dx.doi.org/10.1016/j.puhe.2003.09.004 
 
Marx, J., Hockberger, R., & Walls, R. (2013). Rosen's Emergency Medicine - 
Concepts and Clinical Practice: Elsevier Health Sciences. 
 
McGeehin, M. A., & Mirabelli, M. (2001). The potential impacts of climate 
variability and change on temperature-related morbidity and mortality in the 
United States. Environmental Health Perspectives, 109(Suppl 2), 185-189. 
  
McMichael, A. J. (2013). Globalization, climate change, and human health. The New 
England Journal of Medicine, 368(14), 1335-1343. doi: 
10.1056/NEJMra1109341 
 
McMichael, A. J., Wilkinson, P., Kovats, R. S., Pattenden, S., Hajat, S., Armstrong, 
B., … Nikiforov, B. (2008). International study of temperature, heat and 
urban mortality: the ‘ISOTHURM’project. International Journal of 
Epidemiology, 37(5), 1121-1131. doi: 10.1093/ije/dyn086 
 
Medina-Ramón, M., & Schwartz, J. (2007). Temperature, temperature extremes, and 
mortality: A study of acclimatisation and effect modification in 50 US cities. 
Occupational & Environmental Medicine, 64(12), 827-833. 
doi:10.1136/oem.2007.033175 
 
Meehl, G. A., Hu, A., Tebaldi, C., Arblaster, J. M., Washington, W. M., Teng, H., … 
White III, J. B. (2012). Relative outcomes of climate change mitigation 
related to global temperature versus sea-level rise. Nature Climate Change, 
2(8), 576-580. doi:10.1038/nclimate1529 
 
Mercer, J. B. (2003). Cold – An underrated risk factor for health. Environmental 
Research, 92(1), 8-13. http://dx.doi.org/10.1016/S0013-9351(02)00009-9 
 
  
References 141 
Metzger, K. B., Ito, K., & Matte, T. D. (2010). Summer heat and mortality in New 
York City: How hot is too hot? Environmental Health Perspectives, 118(1), 
80-86.  
 
Michelozzi, P., Kirchmayer, U., Katsouyanni, K., Biggeri, A., McGregor, G., Menne, 
B., … Kosatskya, T. (2007). Assessment and prevention of acute health 
effects of weather conditions in Europe, the PHEWE project: background, 
objectives, design. Environmental Health, 6(1), 12. doi:10.1186/1476-069X-
6-12 
 
Michelozzi, P., De’Donato, F. K., Bargagli, A. M., D’Ippoliti, D., De Sario, M., 
Marino, C., … Perucci, C. A. (2010). Surveillance of summer mortality and 
preparedness to reduce the health impact of heat waves in Italy. International 
Journal of Environmental Research and Public Health, 7(5), 2256-2273. 
doi:10.3390/ijerph7052256 
 
Montero, J. C., Mirón, I. J., Criado-Álvarez, J. J., Linares, C., & Díaz, J. (2010). 
Mortality from cold waves in Castile – La Mancha, Spain. Science of The 
Total Environment, 408(23), 5768-5774.        
http://dx.doi.org/10.1016/j.scitotenv.2010.07.086 
 
Muggeo, V. M., & Hajat, S. (2009). Modelling the non-linear multiple-lag effects of 
ambient temperature on mortality in Santiago and Palermo: A constrained 
segmented distributed lag approach. Occupational & Environmental 
Medicine, 66(9), 584-591. doi: 10.1136/oem.2007.038653 
 
Nicholls, N., Skinner, C., Loughnan, M., & Tapper, N. (2008). A simple heat alert 
system for Melbourne, Australia. International Journal of Biometeorology, 
52(5), 375-384. doi: 10.1007/s00484-007-0132-5 
 
O'Neill, M. S., Zanobetti, A., & Schwartz, J. (2003). Modifiers of the temperature 
and mortality association in seven US cities. American Journal of  
Epidemiology, 157(12), 1074-1082. doi: 10.1093/aje/kwg096 
 
Ockene, I. S., Chiriboga, D. E., Stanek III, E. J., Harmatz, M. G., Nicolosi, R., 
Saperia, G., . . . Hebert, J. R. (2004). Seasonal variation in serum cholesterol 
levels: Treatment implications and possible mechanisms. Archives of internal 
medicine, 164(8), 863-870. doi:10.1001/archinte.164.8.863 
 
Ostro, B. D., Roth, L. A., Green, R. S., & Basu, R. (2009). Estimating the mortality 
effect of the July 2006 California heat wave. Environmental Research, 
109(5), 614-619. http://dx.doi.org/10.1016/j.envres.2009.03.010 
 
 142 References 
Pattenden, S., Nikiforov, B., & Armstrong, B. G. (2003). Mortality and temperature 
in Sofia and London. Journal of Epidemiology & Community Health, 57(8), 
628-633. doi:10.1136/jech.57.8.628 
 
Rainham, D. G., & Smoyer-Tomic, K. E. (2003). The role of air pollution in the 
relationship between a heat stress index and human mortality in Toronto. 
Environmental Research, 93(1), 9-19. http://dx.doi.org/10.1016/S0013-
9351(03)00060-4 
 
Rau, R., & Doblhammer, G. (2003). Seasonal mortality in Denmark: The role of sex 
and age. Demographic Research, 9, 197-222. doi:10.4054/DemRes.2003.9.9 
 
Reichert, T. A., Simonsen, L., Sharma, A., Pardo, S. A., Fedson, D. S., & Miller, M. 
A. (2004). Influenza and the winter increase in mortality in the United States, 
1959–1999. American Journal of Epidemiology, 160(5), 492-502. doi: 
10.1093/aje/kwh227 
 
Ren, C., Williams, G. M., Morawska, L., Mengersen, K., & Tong, S. (2008). Ozone 
modifies associations between temperature and cardiovascular mortality: 
Analysis of the NMMAPS data. Occupational & Environmental Medicine, 
65(4), 255-260. doi:10.1136/oem.2007.033878 
 
Ren, C., & Tong, S. (2006). Temperature modifies the health effects of particulate 
matter in Brisbane, Australia. International journal of biometeorology, 51(2), 
87-96. doi: 10.1007/s00484-006-0054-7 
 
Ren, C., & Tong, S. (2008). Health effects of ambient air pollution–recent research 
development and contemporary methodological challenges. Environmental 
Health, 7(1), 56. doi:10.1186/1476-069X-7-56 
 
Rocklöv, J., Forsberg, B., & Meister, K. (2009). Winter mortality modifies the heat-
mortality association the following summer. European Respiratory Journal, 
33(2), 245-251. doi: 10.1183/09031936.00037808 
 
Romero-Lankao, P., Qin, H., & Dickinson, K. (2012). Urban vulnerability to 
temperature-related hazards: A meta-analysis and meta-knowledge approach. 
Global Environmental Change, 22(3), 670-683.        
http://dx.doi.org/10.1016/j.gloenvcha.2012.04.002 
 
Scheers, H., Mwalili, S. M., Faes, C., Fierens, F., Nemery, B., & Nawrot, T. S. 
(2011). Does air pollution trigger infant mortality in Western Europe? A 
case-crossover study. Environmental Health Perspectives, 119(7), 1017-
1022. doi: 10.1289/ehp.1002913 
 
  
References 143 
Schickele, E. (1947). Environment and fatal heat stroke; an analysis of 157 cases 
occurring in the Army in the U.S. during World War II. Military surgeon, 
100(3), 235-256.  
 
Schneider, A., Panagiotakos, D., Picciotto, S., Katsouyanni, K., Löwel, H., 
Jacquemin, B., … Annette, P. (2008). Air temperature and inflammatory 
responses in myocardial infarction survivors. Epidemiology, 19(3), 391-400. 
doi: 10.1097/EDE.0b013e31816a4325 
 
Schwartz, J. (2000). Daily deaths are associated with combustion particles rather 
than SO2 in Philadelphia. Occupational & Environmental Medicine, 57(10), 
692-697. doi:10.1136/oem.57.10.692 
 
Schwartz, J. (2000). Harvesting and long term exposure effects in the relation 
between air pollution and mortality. American Journal of Epidemiology, 
151(5), 440-448.  
 
Séguin, J. (2008). Human health in a changing climate: A Canadian assessment of 
vulnerabilities and adaptive capacity (HC Pub.: 4038). Ottawa, Ontario: 
Health Canada.  
 
Semenza, J. C., Rubin, C. H., Falter, K. H., Selanikio, J. D., Flanders, W. D., Howe, 
H. L., & Wilhelm, J. L. (1996). Heat-related deaths during the July 1995 heat 
wave in Chicago. The New England Journal of Medicine, 335(2), 84-90. doi: 
10.1056/NEJM199607113350203 
 
Staddon, P. L., Montgomery, H. E., & Depledge, M. H. (2014). Climate warming 
will not decrease winter mortality. Nature Climate Change, 4(3), 190-194. 
doi:10.1038/nclimate2121 
 
Stafoggia, M., Forastiere, F., Agostini, D., Biggeri, A., Bisanti, L., Cadum, E., … 
Carlo, A. (2006). Vulnerability to heat-related mortality: A multicity, 
population-based, case-crossover analysis. Epidemiology, 17(3), 315-323. 
doi: 10.1097/01.ede.0000208477.36665.34 
 
Stafoggia, M., Forastiere, F., Michelozzi, P., & Perucci, C. A. (2009). Summer 
temperature-related mortality: Effect modification by previous winter 
mortality. Epidemiology, 20(4), 575-583. doi: 
10.1097/EDE.0b013e31819ecdf0 
 
Stallones, R. A., Gauld, R. L.., Dodge, H. J., & Lammers, T. F. (1957). An 
epidemiological study of heat injury in army recruits. AMA archives of 
industrial health, 15(6), 455-465.  
 
 144 References 
Sunyer, J. (2008). Commentary: Evaluating response to heat waves. International 
Journal of Epidemiology, 37(2), 317-318. doi: 10.1093/ije/dyn020 
 
Thomas, D. C. (2009). Statistical methods in environmental epidemiology. Oxford 
University Press. 
 
Toloo, G. S., FitzGerald, G., Aitken, P., Verrall, K., & Tong, S. (2013). Are heat 
warning systems effective? Environmental Health, 12(1), 27. doi: 
10.1186/1476-069X-12-27 
 
Tong, S., Ren, C., & Becker, N. (2010). Excess deaths during the 2004 heatwave in 
Brisbane, Australia. International Journal of Biometeorology, 54(4), 393-
400. doi: 10.1007/s00484-009-0290-8 
 
Tong, S., Wang, X. Y., & Guo, Y. (2012). Assessing the short-term effects of 
heatwaves on mortality and morbidity in Brisbane, Australia: Comparison of 
case-crossover and time series analyses. PLoS One, 7(5), e37500.  doi: 
10.1371/journal.pone.0037500 
 
Tong, S., Wang, X. Y., Yu, W., Chen, D., & Wang, X. (2014). The impact of 
heatwaves on mortality in Australia: A multicity study. BMJ Open 
4:e003579, doi: 10.1136/bmjopen-2013-003579 
 
Toulemon, L., & Barbieri, M. (2008). The mortality impact of the August 2003 heat 
wave in France: Investigating the ‘harvesting’ effect and other long-term 
consequences. Population Studies, 62(1), 39-53. doi: 
10.1080/00324720701804249 
 
Touloumi, G., Pocock, S. J., Katsouyanni, K., & Trichopoulos, D. (1994). Short-term 
effects of air pollution on daily mortality in Athens: A time-series analysis. 
International Journal of Epidemiology, 23(5), 957-967. doi: 
10.1093/ije/23.5.957 
 
Valleron, A. J., & Boumendil, A. (2004). Epidemiology and heat waves: analysis of 
the 2003 episode in France [Abstract]. Comptes rendus biologies, 327(12), 
1125-1141. doi: 10.1016/j.crvi.2004.09.009 
 
van Rossum, C. T., Shipley, M. J., Hemingway, H., Grobbee, D. E., Mackenbach, J. 
P., & Marmot, M. G. (2001). Seasonal variation in cause-specific mortality: 
Are there high-risk groups? 25-year follow-up of civil servants from the first 
Whitehall study. International Journal of Epidemiology, 30(5), 1109-1116. 
doi: 10.1093/ije/30.5.1109 
 
  
References 145 
Vandentorren, S., Suzan, F., Medina, S., Pascal, M., Maulpoix, A., Cohen, J. C., & 
Ledrans, M. (2004). Mortality in 13 French cities during the August 2003 
heat wave. American Journal of Public Health, 94(9), 1518-1520.  
 
Vandentorren, S., Bretin, P., Zeghnoun, A., Mandereau-Bruno, L., Croisier, A., 
Cochet, C., … Ledrans, M. (2006). August 2003 heat wave in France: Risk 
factors for death of elderly people living at home. European Journal of 
Public Health, 16(6), 583-591. doi: 10.1093/eurpub/ckl063 
 
von Klot, S., Zanobetti, A., & Schwartz, J. (2012). Influenza epidemics, seasonality, 
and the effects of cold weather on cardiac mortality. Environmental Health, 
11, 74. doi:10.1186/1476-069X-11-74 
 
Weerasinghe, D. P., MacIntyre, C. R., & Rubin, G. L. (2002). Seasonality of 
coronary artery deaths in New South Wales, Australia. Heart, 88(1), 30-34. 
doi:10.1136/heart.88.1.30  
 
Wilkinson, P., Pattenden, S., Armstrong, B., Fletcher, A., Kovats, R. S., Mangtani, 
P., & McMichael, A. J. (2004). Vulnerability to winter mortality in elderly 
people in Britain: Population based study. BMJ, 329(7467), 647. doi: 
http://dx.doi.org/10.1136/bmj.38167.589907.55 
 
Winquist, A., Klein, M., Tolbert, P., & Sarnat, S. E. (2012). Power estimation using 
simulations for air pollution time-series studies. Environmental Health, 11, 
68. doi: 10.1186/1476-069x-11-68 
 
Wood, S. N., & Augustin, N. H. (2002). GAMs with integrated model selection using 
penalized regression splines and applications to environmental modelling. 
Ecological modelling, 157(2), 157-177. http://dx.doi.org/10.1016/S0304-
3800(02)00193-X 
 
Woodhouse, P. R., Khaw, K., Plummer, M., Meade, T. W., & Foley, A. (1994). 
Seasonal variations of plasma fibrinogen and factor VII activity in the 
elderly: Winter infections and death from cardiovascular disease. The Lancet, 
343(8895), 435-439. http://dx.doi.org/10.1016/S0140-6736(94)92689-1 
 
Wu, W., Xiao, Y., Li, G., Zeng, W., Lin, H., Rutherford, S., … Ma, W. (2013). 
Temperature–mortality relationship in four subtropical Chinese cities: A 
time-series study using a distributed lag non-linear model. Science of The 
Total Environment, 449, 355-362.        
http://dx.doi.org/10.1016/j.scitotenv.2013.01.090 
 
Xie, H., Yao, Z., Zhang, Y., Xu, Y., Xu, X., Liu, T., … Ma, W. (2013). Short-term 
effects of the 2008 cold spell on mortality in three subtropical cities in 
 146 References 
Guangdong province, China. Environmental Health Perspectives, 121(2), 
210-216. doi:  10.1289/ehp.1104541 
 
Ye, X., Wolff, R., Yu, W., Vaneckova, P., Pan, X., & Tong, S. (2012). Ambient 
temperature and morbidity: A review of epidemiological evidence. 
Environmental health perspectives, 120(1), 19-28. doi:  10.1289/ehp.1003198 
 
Yu, W., Guo, Y., Ye, X., Wang, X., Huang, C., Pan, X., & Tong, S. (2011a). The 
effect of various temperature indicators on different mortality categories in a 
subtropical city of Brisbane, Australia. Science of the Total Environment, 
409(18), 3431-3437. http://dx.doi.org/10.1016/j.scitotenv.2011.05.027 
 
Yu, W., Hu, W., Mengersen, K., Guo, Y., Pan, X., Connell, D., & Tong, S. (2011b). 
Time course of temperature effects on cardiovascular mortality in Brisbane, 
Australia. Heart, 97(13), 1089-1093. doi:10.1136/hrt.2010.217166 
 
Yu, W., Mengersen, K., Hu, W., Guo, Y., Pan, X., & Tong, S. (2011c). Assessing the 
relationship between global warming and mortality: Lag effects of 
temperature fluctuations by age and mortality categories. Environmental 
pollution, 159(7), 1789-1793.        
http://dx.doi.org/10.1016/j.envpol.2011.03.039 
 
Yu, W., Mengersen, K., Wang, X., Ye, X., Guo, Y., Pan, X., & Tong, S. (2012). 
Daily average temperature and mortality among the elderly: A meta-analysis 
and systematic review of epidemiological evidence. International Journal of  
Biometeorology, 56(4), 569-581. doi:10.1007/s00484-011-0497-3 
 
Yu, W., Vaneckova, P., Mengersen, K., Pan, X., & Tong, S. (2010). Is the 
association between temperature and mortality modified by age, gender and 
socio-economic status? Science of the Total Environment, 408(17), 3513-
3518. http://dx.doi.org/10.1016/j.scitotenv.2010.04.058 
 
Zanobetti, A., & Schwartz, J. (2005). Disparities by race in heat-related mortality in 
four US cities: The role of air conditioning prevalence. Journal of Urban 
Health, 82(2), 191-197. doi: 10.1093/jurban/jti043 
 
Zanobetti, A., & Schwartz, J. (2008). Temperature and mortality in nine US cities. 
Epidemiology, 19(4), 563-570. doi: 10.1097/EDE.0b013e31816d652d 
  
  
Appendices 147 
Appendices 
Appendix A: Ethics Approval 
  
 148 Appendices 
Appendix B: The plots for descriptive analysis 
Figure B.1. Histograms of daily mortality, air pollutants and weather variables. 
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Figure B.1. Histograms of daily mortality, air pollutants and weather variables. (Continued) 
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Figure B.2. Time series of the mortality, weather and air pollution variables (1 January 1996 
– 30 November 2004).  
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Figure B.2. Time series of the mortality, weather and air pollution variables (1 January 1996 
– 30 November 2004). (continued) 
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Figure B.3. Scatter plots between weather and air pollution variables. All plots in a row share 
a common Y-axis, and all plots in a column share a common X-axis. 
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Appendix C: An example for the process of data management  
In Chapter 4 
Exposure Assessment 
Weather data 
I obtained weather data including daily maximum, minimum temperatures and relative 
humidity from the Australian Bureau of Meteorology (BOM) for the period of 1 January 
1996 to 30 November 2004. The data requested was from the weather station located near the 
city centre. Daily data on maximum, mean, minimum temperatures and relative humidity 
were derived from the 3-hour values.  
Air pollution 
Daily air pollution data were received from the Department of Environment and 
Heritage Protection. The air pollution monitoring station located at the city centre was 
selected (same as the station above). The air pollutants included the maximum 1-hour average 
concentrations of ozone (O3) and nitrogen dioxide (NO2), and 24-hour average concentration 
of particulate matter with diameters less than 10 μm (PM10).  
 
Outcome Assessment 
Daily mortality data for the period 1 January 1996 to 30 November 2004 were acquired 
from the Office of Economic and Statistical Research of the Queensland Treasury. The 
mortality data were collected by area and death date. All deaths from Brisbane LGA were 
extracted. The causes of all deaths were classified according to the International 
Classification of Diseases, 9th version (ICD–9) for 1996, and 10th version (ICD–10) for 
1997–2004. The daily counts of non-accidental deaths (ICD–9: 1–799 and ICD–10: A00–
R99); cardiovascular diseases (ICD–9: 390–459 and ICD–10: I00-99) and respiratory 
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diseases (ICD–9: 460–519 and ICD–10: J00–99) were included. All deaths were grouped into 
the following age groups: all ages, 0–64 years, 65–84 years and   85 years. 
The daily death counts were then calculated according  to  age  and  disease  category  
(i.e.,  all  causes, respiratory  diseases  and  cardiovascular  diseases).  Table 1 is an example 
of the original data obtained from the Office of Economic and Statistical Research of the 
Queensland Treasury. Table 2 shows an example of the file including one record one day 
after categorising the single death records according to date and calculating for the daily 
death counts.  
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Table 1 The original data format of daily mortality data. 
  reg_yy dth_yy dth_mm dth_dd dth_age sex cod9 bth_yy bth_mm bth_dd slaures cod10 stat_ures ssd lga sd 
1996 1996 4 1 25 1 8150 0 0 0 1277   3 505 31000 5 
1996 1996 4 2 84 1 4969 0 0 0 1184   3 505 31000 5 
1996 1996 4 2 85 1 4140 0 0 0 1642   3 505 31000 5 
1996 1996 4 1 84 1 1629 0 0 0 1184   3 505 31000 5 
1996 1996 3 29 73 2 5829 0 0 0 1184   3 505 31000 5 
1996 1996 4 2 97 2 4413 0 0 0 1634   3 505 31000 5 
1996 1996 3 25 74 1 1624 0 0 0 1034   3 505 31000 5 
1996 1996 3 30 71 2 1539 0 0 0 1108   3 505 31000 5 
1996 1996 4 5 97 2 4109 0 0 0 1383   3 505 31000 5 
1996 1996 4 1 76 1 4340 0 0 0 1528   3 505 31000 5 
1996 1996 4 3 52 1 1539 0 0 0 1312   3 505 31000 5 
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Table 2 The data format converted from original dataset shown in Table 1. 
Date d_all d_00_
64 
d_65+ d_65_
84 
d_85+ dcar_a
ll 
dcar_0
0_64 
dcar_6
5+ 
dcar_6
5_84 
dcar_8
5+ 
dresp_
all 
dresp_
00_64 
dresp_
65+ 
dresp_
65_84 
dresp_
85+ 
1/01/1
996 
8 4 4 2 2 0 1  1  1  0  2 …   …  … …  
2/01/1
996 
12 0 12 6 6 0 0  5  1  4  0  …  …  … …  
3/01/1
996 
12 3 9 7 2 2 0  6  4  2  2  …  …  …  … 
4/01/1
996 
15 2 13 11 2 1 0  5  5  …  …  …  …  …  … 
5/01/1
996 
20 8 12 10 2 1 0  6  5  …  …  …  …  …  … 
6/01/1
996 
22 2 20 15 5 0 0  7  6  …  …  …  …  …  … 
7/01/1
996 
15 2 13 5 8 1 0  …  …  …  …  …  …  …  … 
8/01/1
996 
8 2 6 5 1 1 0  …  …  …  …  …  …  …  … 
9/01/1
996 
9 1 8 5 3 1 1  …  …  …  …  …  … …   … 
10/01/
1996 
13 1 12 6 6 0 0  …  …  …  …  … …  …   … 
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Other Variables 
Some other variables were also added into the database, including day of the 
week, public holidays. Public holidays in Brisbane included New Year’s Day, 
Australia Day, the Easter, ANZAC Day, Labour Day, Queen’s Birthday, Royal 
Queensland Show, and the Christmas.  
 
Merging the Datasets of Mortality, Weather, and Potential Confounding 
Variables  
The  datasets  on  daily  death counts,  weather,  air  pollution  and  potential  
confounding were  then merged.  Thus  the  daily  mean  temperature,  relative  
humidity,  and  air  pollution concentrations were linked with daily death counts.   
 
 
 
